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Emerging evidence has shown that miRNA-mediated gene regulation plays an 
important role in the development of the central nervous system (CNS). One of 
the developmental mechanisms may involve let-7 miRNAs and their up-stream 
regulator, Lin28a and Lin28b in regulating neural stem cells (NSCs). Recently, 
let-7 has been observed to influence the differentiation of NSCs along neuronal 
versus glial lineage. However, there is also a report suggesting that the 
neurogliogenic decision is independent of let-7. These paradoxical results might 
represent contextual roles of let-7 and lin28 during the CNS development. We 
have tested this premise in the mammalian retina, a reliable CNS model, during 
late histogenesis when neurons and the sole glia of the retina, Müller glia (MG), 
are generated by retinal progenitors cells (RPCs). Using the perturbation of let-7 
and Lin28 function analyses in in vitro and ex vivo models of late retinal 
histogenesis, we observed that let-7 did not influence the neurogliogenic 
decision; it facilitated the differentiation of RPCs into both neurons and MG. We 
demonstrated that one of the mechanisms by which let-7 promoted RPCs 
differentiation was by targeting transcripts corresponding to Hmga2, a high 
mobility group AT-hook 2 protein, which is known to regulate RPC self-renewal. 
A similar role for Lin28b emerged when we perturbed its function; it facilitated 
RPC maintenance and thus influenced their differentiation regardless of the 
neuronal or glial lineages. However, perturbation of function of Lin28a, whose 
expression persisted during late retinal histogenesis, influenced RPC 
differentiation into neurons and MG. For example, the gain of function of Lin28a 
promoted neurogenesis at the expense of gliogenesis. Taken together, our 
observations suggest an important role for the Lin28-let-7-Hmga2 axis in the 
regulation of RPCs, where the expression of lin28a versus lin28b may determine 
the outcome of the differentiation, orchestrated by let-7, along the neuronal 
and/or glial lineage(s).  
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During the development of the central nervous system (CNS), neural stem cells 
(NSCs) generate a wide range of diverse cell types, which can be identified into 
three main classes: neurons, astrocytes, and oligodendrocytes. In each class of 
cell types, cells can be separated into multiple subtypes based on their functions. 
For example, neurons can be divided into motor neurons, sensory neurons, 
interneurons, etc. Each subtype of neurons can be further classifies by their 
location, morphology, neurotransmitters, etc. The generation of cellular diversity 
with a remarkable precision during the development of the CNS remains a 
fundamental question and poorly understood. 
The vertebrate retina represents a simple and an accessible model for the CNS 
in which limited cell types are generated in an evolutionarily conserved temporal 
sequence: (1) the early histogenetic stage, extending from E12 to E18 in rodents, 
where retinal ganglion cells (RGCs), cone photoreceptor, horizontal cells and the 
majority of amacrine cells are generated; (2) the late histogenetic stage, 
extending from E18 to PN10, when rod photoreceptor, bipolar cells and Müller 
glia are born (Young, 1985; Rapaport et al., 2004). Lineage tracing studies, 
carried out more than two decades ago, demonstrate that the seven types of 
retinal cells are generated by multi-potential retinal progenitor cells (RPCs) in a 
lineage independent manner (Price et al., 1987).  
! #!
Further investigation of cell fate specification in the retina revealed the 
combinational role of basic helix-loop-helix and homeodomain transcription 
factors (TFs) in concert of cell extrinsic influences such as Notch signaling in 
differentiation of RPCs along specific lineages (Hatakeyama and Kageyama, 
2004; Ohsawa and Kageyama, 2008). 
Recently, evidence has merged that microRNAs (miRNAs) mediated post-
transcriptional manipulation of gene expression plays an important role in diverse 
cellular programs (Iyer et al., 2014; Meza-Sosa et al., 2014). miRNAs are small 
RNA molecules (~22 nucleotides), which are highly conserved in a wide variety 
of tissues and cell types. The miRNA microarray analyses demonstrated distinct 
profiles of miRNAs during the CNS and retinal development, suggesting their 
involvement in the regulation of NSCs and RPCs, respectively (Miska et al., 
2004; Hackler et al., 2010). The role of miRNAs in the regulation of RPCs was 
investigated by the global and individual silencing of miRNAs. For example, the 
Pax6-Cre- and Dkk3-Cre-mediated Dicer conditional knockout (CKO) blocked the 
transition from early to late RPCs competence, revealing the key role of miRNAs 
in the proper retinal development, including the generation of the retinal 
lamination and the timing of retinal cell generation (La Torre et al., 2013). In 
addition, let-7, miR-125, and miR-9 were identified as late progenitor miRNAs by 
their significant differential expression patterns in Dicer CKO and wild type 
retinas (La Torre et al., 2013). Here, we have examined the functional 
involvement of miRNAs, especially let-7 in the regulation of RPCs and their 
differentiation along the neuronal and glial lineages. 
! $!
 
B. miRNAs biogenesis and working mechanism 
 
miRNAs are small non-coding RNA molecules (22-24 nucleotides), which are 
highly conserved in plants, animals, and viruses. The first identified miRNA was 
lin-4, which controls the timing of C. elegens larval development (Lee et a., 
1993). Seven years after the discovery of lin-4, another miRNA, let-7, was found 
in the C. elegens heterochronic pathway that regulates the proper timing of 
developmental changes. The discovery of let-7 confirmed the existence and 
important function of miRNAs in biological programs.  
Biogenesis: The miRNAs biogenesis starts from the transcription of miRNA 
genes (Figure 1). The primary miRNA transcripts are produced by RNA 
polymerase II (Pol II) or Pol III. These long transcripts are called pri-miRNAs (Lee 
et al., 2002). The pri-miRNAs are recognized by DiGeorge Syndrome Critical 
Region 8 (Dgcr8) and cleaved by Drosha RNase III endonuclease (Lee et al., 
2003; Han et al., 2004; Gregory RI et al., 2006; Han et al., 2006). The cleaved 
RNAs, which have a two-nuleotide overhang, are called precursor-miRNAs (pre-
miRNAs). Pre-miRNAs are transported from the nucleus to the cytoplasm by 
Ran-GFP and Exportin-5, an export receptor complex (Yi et al., 2003; Lund et al., 
2004). In the cytoplasm, the pre-miRNA hairpin is processed by another RNase 
III endonuclease, Dicer. It recognizes the hairpin portion of the pre-miRNAs and 
cuts away the loop to form the miRNA:miRNA* duplexes (Lee et al., 2003; Lund 
et al., 2006).  The miRNA:miRNA* duplexes are separated by Helicase to 
! %!
generate mature miRNAs. The mature miRNAs are loaded into miRNA 
ribonucleoprotein complex (miRNP) containing GW182 and Argonaute, which is 
also called miRNA containing RNA-induced silencing complex (miRISC), to 
achieve their function in target recognition and silencing.  
Function: The major function of miRNAs is linked to gene silencing through 
mRNA cleavage or translational repression. The most commonly used model to 
distinguish miRNA mechanisms between mRNA cleavage and translational 
repression is based on the complementarity of miRNAs to the 3’UTR of mRNA 
(Hutvágner and Zamore, 2002; Zeng et al., 2002) (Figure 2). With the help of the 
RISC component GW182, a RNA-binding protein, miRISC can target and bind to 
mRNA. If miRNAs match with their target sides on the 3’UTR of mRNA perfectly, 
Ago, the key component of miRISC, cleaves the targeted mRNA specificly 
(Figure 2A). If not, miRNAs can still recognize and bind to the 3’UTR of mRNA, it 
results in repression of productive translation (Figure 2B). Although this model 
demonstrates the two branches of miRNAs mechanisms, how the translation of 
mRNA is repressed by miRNAs for the imperfect complementarity is still being 
debated. Four main mechanisms were proposed (Figure 3). First, the partially 
complementarity between miRNAs and the 3’UTR of mRNA recruits the CCR4-
NOT complex which leads to the deadenylation of the targeted mRNA (Figure 
3A). The deadenylated mRNA is further destabilized and decapped which leads 
to the degradation of mRNA by miRISC (Wakiyama et al., 2007; Eulalio et al., 
2009). Second, the translational repression by miRNAs can be mediated without 
decreasing mRNA level. For example, studies on Zebrafish demonstrated that 
! &!
miR-430 could inhibit translation of its target genes before deadenylation and 
RNA decay (Bazzini et al., 2012). The partial complementarity between miRNAs 
and targeted mRNA can inhibit the recognition of eIF4 proteins to m7G cap on 
the 5’ end of mRNA. As a consequence, the translation initiation rate will be 
significantly reduced which contributes to the translational repression. (Pillai et 
al., 2005; Humphreys et al., 2005; Bazzini et al., 2012; Djuranovic et al., 2012) 
(Figure 3B). Third, translational repression can also occur in post-initiation phase, 
through slowing elongation or ribosome drop-off (Petersen et al., 2006; Nottrott et 
al., 2006) (Figure 3C). Forth, it is also reported that miRNAs might facilitate 
proteolytic cleavage of nascent polypeptides after released from the polysomes 
(Nottrott et al., 2006) (Figure 3D). Among all three mechanisms, it is believed that 
the reduction of the translation initiation rate mostly contributes to the 
translational repression. The influence of following miRNA-mediated degradation 
need to be further investigated since the translational repression may be mRNA 
degradation independent. 
 
C.  The involvement of miRNAs in the regulation of NSCs 
 
As miRNAs are discovered to link with diverse biological programs, the 
involvement of miRNAs in the regulation of NSCs has also been reported. The 
miRNAs in CNS was first identified by comparing their expression in heart, liver 
and brain (Lagos-Quintana et al., 2002). It was shown that miRNAs (e.g. miR-
124a) had higher expression levels in brain versus heart and liver, which 
! '!
suggested the importance of specific miRNAs in tissue specification and cell fate 
specification. That miRNAs may play important roles in the CNS development 
emerged from the temporal analyses of their global expression patterns 
(Krichevsky et a., 2003; Dogini et al., 2008). For example, over 50 miRNAs, 
including miR-9, miR-124 and let-7, showe significant increases in their 
expression levels, while at least 30 miRNAs, including miR-17, miR-199, and 
miR-92, expression levels decrease remarkably during CNS development. The 
miRNA expression in developing CNS of zebrafish show that miRNAs had their 
specific spatial localization in different regions of CNS and different cell types 
(Kapsimali et al., 2007). Taken together, the temporal and diverse expression 
patterns of different miRNAs in different regions of the CNS during development 
suggested important role of specific miRNAs in regulation and differentiation of 
NSCs. 
Next, the functional involvement of miRNAs in the regulation of NSCs was 
investigated following the global silencing of miRNA by knocking out the key 
enzymes for miRNA biogenesis. The most commonly used approach is the 
knockout of Dicer. The first study for Dicer knockout was based on disruption of 
Dicer1 activity through replacing its RNase III domain with non-function part 
(Bernstein et al., 2003). However, the knockout of Dicer1 led to embryonic 
lethality. For this reason, the conditional knockout (CKO) of Dicer was developed 
using the Cre-loxP system. Dicer CKO in cortical neural stem cells were 
achieved by crossing Dicer-loxP line with Emx1-Cre line (Kawase-Koga et al., 
2010; Saurat et al., 2013) (Figure 4). Emx1, a transcription factor (TF), is 
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expressed restrictively in cortical NSCs and neurons from embryonic day 10 
(E10) onward (Boncinelli et al., 1995). The Emx1-dependent CKO of Dicer 
decreased the size of the cortex and the population of NSCs by inhibiting their 
self-renewal property. Moreover, the Dicer CKO resulted in a significant reduction 
of multipotency of NSCs.  For example, the expression of Tbr1, a key TF for the 
commitment of glutamatergic neurons, was promoted in Dicer CKO condition. As 
a result, the Tbr1+ neurons were overproduced and the Tbr1- neurons were 
nearly absent, which led to the abnormal competence of different neuronal cell 
type throughout the cortex development. The influence of miRNAs was also 
tested through Nestin-Cre-mediated Dicer CKO (Kawasa-Koga et al., 2009; 
Andersson et al., 2010) (Figure 5). The Dicer CKO by Nestin-Cre did not affect 
the early stage of CNS development, but significantly reduced the NeuN+ cells, 
generated from the late NSCs, in the subplate and cortical plate. It is also shown 
that the Nestin-Cre-mediated Dicer CKO inhibited oligodendrocytes 
differentiation in the spinal cord (Kawase-Koga Y et al., 2009). In vitro, the Dicer-
null NSCs had slower proliferation rate than wild type NSCs and failed to 
differentiate into either neurons (Tuj+) or glia (Gfap+). When cultured under the 
astrocyte differentiation condition in the presence of BMP4, the Dicer-null NSCs 
initiated the differentiation program but failed to produce mature astrocytes. 
These studies, taken together, suggested that miRNAs played important roles in 
the proliferation, differentiation, and cell lineage specification of NSCs. 
Beside the involvement of miRNAs in proliferation and differentiation of NSCs, 
studies revealed a protection role of miRNAs. For example, Emx1 and Nestin-
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Cre mediated silencing of Dicer led to the cell death of NSCs at E14.5 and E18.5 
brain, respectively. Cell type specific Dicer CKO using Pcrp2-Cre (Purkinje cells), 
DAT-Cre (dopaminergic neurons), and VAChT-Cre (spinal cord neurons) led to 
similar results (Kim et al., 2007; Schaefer et al., 2007; Haramati et al., 2010). 
Another important protein for miRNA biogenesis is Dgcr8. Although Dgcr8 KO is 
lethal, the haploinsufficiency of Dgcr8 gene still showed a decrease of Dgcr8 
expression, which down-regulated the expression of a subset of miRNAs such as 
miR-150, miR-185, and miR-194 (Stark et al., 2008; Sellier et al., 2014). The 
reduction of miRNAs expression resulted in a phonotype with behavioural 
alternations and neuronal dysfunction. 
In summary, the global miRNA silencing approaches demonstrated their roles of 
these important aspects of NSCs biology: proliferation, differentiation, and cell 
death. However, the global miRNA silencing studies could not clarify how these 
diverse cellular programs were regulated by miRNA. To address it, the studies on 
individual miRNAs were carried out by manipulating their expressions during 
CNS development.  
 
D. The involvement of let-7 in regulation of NSCs 
 
The miRNA microarray analyses demonstrated the distinct expression profiles of 
miRNAs in the developing CNS and adult brain, suggesting the importance of 
individual miRNAs in the regulation of NSCs (Saba and Booth, 2006; Dogini et 
al., 2008). let-7, the focus of our research, was identified as a heterochronic 
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factor in C. elegans (Ambros and Horvitz, 1984; Reinhart et al., 2000). The loss 
of let-7 during C. eleganes development caused the failure to progress from the 
last larval stage to adult, resulting in the “lethal (let)” phenotype. let-7 is highly 
conserved.  Till now, at least 10 let-7 family members have been discovered 
sharing high sequence similarity, with 100% identity in the seed sequence. Later, 
it is observed that let-7 family was one of the most abundantly expressed 
miRNAs in adult tissues including the CNS (Pena et al., 2009; Rehfeld et al., 
2014). In mammalian CNS development, the expression levels of most let-7 
family members are elevated from the early developmental stage to the adult. 
This trend was positively correlated with the expression patterns of post-mitotic 
cell markers, suggesting an important role for let-7 during differentiation in the 
developing CNS, which was investigated by the perturbation of function 
approaches (Rehfeld et al., 2014).  
In isolated NSCs from adult brain, the ectopic expression of let-7b through the 
gain of function (GOF) approach, led to the increase of the expression of 
neuronal marker Tuj1 and astrocyte marker Gfap, accompanied by the inhibition 
of cell proliferation (Zhao et al., 2010; Zhao et al., 2013). It is also reported that 
let-7 might be involved in the cell fate specification (Cimadamore et al., 2013; 
Patternson et al., 2014). The transfection of let-7b/g mimics in human neural 
progenitor cells (hNPCs) significantly inhibited the differentiation of neurons and 
promoted glial differentiation, as revealed by the quantification of Tuj1 positive 
and Gfap positive cells after 3 weeks differentiation (Patternson et al., 2014). 
Similarly, let-7i GOF in hNPC altered the fate of NSCs differentiation from 
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neuronal lineage to glial lineage (Cimadamore et al., 2013). However, it is also 
shown that let-7 has no influence on cell fate specification during 
neurogliogenesis in vitro (Balzer et al., 2010). Based on these conflicting 
observations, the predominant function of let-7 remained unclear in the context of 
NSCs fate commitment, which would be examined in this project.  
As a miRNA, let-7 achieves its function by regulating the expression levels of its 
target genes. Till now, transcripts encoded by more than 1000 genes have been 
reported to have conserved predicted target sites for let-7 family (data from 
targetscan.org). The first identified let-7 target was Lin41 gene, a hetorochronic 
gene controlling the proper developmental timing of C. elegans. In mouse, let-7 
could directly target the 3’UTR of Lin41 mRNA and inverse expression patterns 
between let-7 and Lin41 were observed in developing embryos. The loss of 
function (LOF) analyses of Lin41 suggested that Lin41 played an important role 
in the formation of neural tube. Recently, Lin41 was demonstrated to be 
pluripotency promoting gene, which represseed the expression of pro-
differentiation genes like EGR1 (Worringer et al., 2014). 
Like Lin41, Lin28 is also a direct target of let-7. Similar to Lin41, Lin28 is a 
hetorochronic gene and encodes a pluripotency promoting factor (Ambros and 
Horvitz, 1984; Yu et al., 2007, Ouchi et al., 2014). The role of Lin28 in the context 
of NSCs is still evolving. It is reported that Lin28 facilitated the proliferative 
capacity of NSCs while Lin28 might also alter cell fate succession by blocking 
gliogenesis and promoting neurogensis (Balzer et al., 2010; Yang et al., 2015). 
Interestingly, Lin28, which bind RNA, could act up-stream of let-7 by binding to 
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pri-let-7/pre-let-7 and blocking let-7 biogenesis, in cooperation with Lin41 
(Viswanathan et al., 2008; Hagan et al., 2009; Rybak et al., 2009). There are two 
homologs of Lin28, Lin28a and Lin28b in mammals, and both of them could 
inhibit the expression of let-7 by distinct mechanisms (Viswanathan SR et al., 
2008; Hagan et al., 2009; Piskounova et al., 2011). Lin28a recruits Zcchc111, a 
terminal uridylyltransferase, to inhibit the processing of pre-let-7 by Dicer, while 
Lin28b directly binds to pri-let-7 in nucleus and represses further processing. 
Therefore, Lin28-let-7 axis could form a regulatory loop, which controls the 
proper timing of CNS development and NSCs differentiation (Cimadamore et al., 
2013) (Figure 6). 
Some of the targets of let-7 include transcripts that encode factors that influence 
stem cell proliferation, such as Imp1, Tlx, and Hmga2 (Lee and Dutta, 2007; 
Zhao et al., 2010; Nishino et al., 2013). All of them have reciprocal expession 
patterns with let-7 in the developing CNS. Imp1, an oncofetal mRNA-binding 
protein, plays a key role in the proper development of cerebral cortex as the loss 
of Imp1 leads to a reduction of cerebral cortical thickness (Nishino et al., 2013). 
The CKO of Imp1 also significantly decreases the self-renewal capacity of Pax6+ 
NSCs. The let-7 mediated inhibition of Imp1 is necessary for the transition of 
NSCs from high proliferation status to quiescent status (Nishino et al., 2013).  
Another important function of Imp is to modulate the expression of Hmga2 
through direct binding and stabilizing the Hmga2 transcripts. During mouse brain 
development, Imp1 deficiency led to the reduction of Hmga2 expression in the 
dorsomedial and dorsolateral telencephalon at the levels of transcript and 
! "#!
protein. Hmga2, belongs to the non-histone chromosomal high-mobility group 
protein family, binds to the adenin-thymine (AT) rich regions of nuclear DNA, 
alters the chromatin structure, and promotes the recruitment of protein complex 
that regulates the transcription of genes. Hmga2 was initially identified as an 
oncogene and the direct target of let-7 (Lee and Dutta, 2007). During the CNS 
development, Hmga2 facilitates NSCs self-renewal by negatively regulating the 
expression of P16 and P19, the cell cycler inhibitors (Nishino et al., 2008). It is 
also reported that Hmga2 might play an important role in the identification of 
NSCs as Hmga2 could promote the direct reprogramming of senescent somatic 
cells or blood CD34+ cells into NSCs (Yu et al., 2015). In addition, as a 
downstream factor of let-7, Hmga2 has been shown to be an important 
component of Lin28-let-7-Hmga2 axis (Figure 7). This axis was first described in 
the study of cancer cells, regulating the progression of tumor (Dangi-garimella et 
al., 2009; Helland et a., 2011). Later, this axis was found to be involved in the 
maintenance of mouse fetal haematopoietic stem cells (Copley et al., 2012). It 
was observed that Lin28b, the most upstream component of the axis, might act 
as a master gene in controlling the timing of fetal lymphoid differentiation 
program, while Hmga2, under the influence of let-7, might serve as a specific 
downstream modulator of self-renewal potential.  
Tlx, a forebrain restricted TF that is highly expressed in NSCs and early stage of 
CNS development, is another let-7 target (Figure 8) (Zhao et al., 2010; Zhao et 
al., 2013). In NSCs, Tlx promotes proliferation by recruiting its transcription co-
repressors LSD1 and histone deacetylases (HDACs) that further inhibits the 
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expression of P21, the cell cycle inhibitor, and Pten, a tumor suppressor gene. 
The disruption of the interaction between Tlx and HDACs leads to the induction 
of P21 and Pten expression and the inhibition of proliferation of NSCs (Sun et al., 
2007). The Tlx transcription pression complex can also inhibit the expression 
multiple miRNAs such as miR-9 and miR-137 (Zhao et al., 2009; Sun et al., 
2011). These observations explained why let-7 mediated inhibition of Tlx 
compromised NSC proliferation and facilitated their differentiation along neuronal 
and glial lineages (Zhao et al., 2010). The reduction of Tlx expression resulted in 
the elevation of miR-9, which further repressed Tlx expression through feedback 
regulatory loop and promoted the differentiation of NSCs (Zhao et al., 2009). The 
inhibition of Tlx expression by let-7 also facilitated the transcription of its targets 
REST and CoREST, key inhibitors of neuronal differentiation, which are highly 
expressed in uncommitted stem cells (Packer et al., 2008; Giusti et al., 2014). 
As a tumor suppressor, it is known that let-7 can target various cyclins and 
cyclin-dependent kinases to slow the cell cycle progression of stem cells or stem-
like cancer cells (Johnson et al., 2007; Schultz et al., 2008; Dong et al., 2010). In 
NSCs, the let-7 GOF significantly reduced the CCND1 expression and the 
proliferation rate and the transfection of mutated CCND1 (lacking 3’UTR) could 
significantly rescue the normal cell cycle progression required for the 
maintenance of NSCs.  
Taken together, the current knowledge about let-7 function suggested that it 
might regulate NSCs either by influencing their maintenance (Imp1, Hmga2, Tlx) 
or cell cycler (CCND1). 
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E. The retina as a model of CNS 
 
Given the complexity of the CNS and the diversity of cell types generated by 
NSCs, a simple model is requied to examine to the involvement of miRNAs in the 
regulation of NSCs. Retina is a simple and developmentally accessible model of 
the CNS.  
The outer nuclear layer (ONL) contains the nuclei of rods (RPs) and cone 
photoreceptors (CPs), their outer segments ensheathed by microvilli of the retinal 
pigment epithelium (RPE) cells. The outer plexiform layer (OPL) represents the 
synaptic structure between RPs, CPs, the bipolar cells (BCs), and the horizontal 
cells (HCs). The inner nuclear layer (INL) contains the nuclei of BCs, HCs, 
amacrine cells (ACs), and Müller glia (MG). The inner plexiform layer (IPL) is the 
lamina where BCs/ACs make synaptic contacts with retinal ganglion cells 
(RGCs). The ganglion cell layer (GCL) contains RGCs and displaced ACs. 
Similar to brain, neurons are the major cell types in retina. In mature retina, 
photoreceptors contribute to more than 70% of the total cells. The retina of 
rodents, being nocturnal, is rod-dominant. 
Retinal development follows the highly conserved development progression of 
eye. In vertebrate, the primordium of the eye emerges as a central eye field 
region, identified by the expression of eye field genes (Rx, six3, and Pax6) in the 
anterior of the developing neural plate. The single eye field is split into two lateral 
domains, presumably under the influence of midline shh signaling (Chiang et al., 
1996). Each eye field evaginates to form optic vesicle around E10 in the 
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developing rodent retina (O’Rahilly, 1983; Robinson, 1991).  The optic vesicle 
subsequently invaginates together with the surface ectoderm to form a bilayer 
optic cup. The outer layer of the optic cup becomes non-neuronal retinal pigment 
epithelium and the inner layer differentiates into the sensory retina. The 
invaginated surface ectoderm becomes the lens primordium. 
In retina, all seven classes of cell types are generated in an evolutionarily 
conserved temporal sequence, which was first demonstrated in the mouse retina 
first by Sidman (1961) and then Young (1985) using 3H-thymidine birthdating 
technique (Figure 11). Later, the same technique was used in the developing rat 
retina to demonstrate the evolutionary conserved birth of retinal cell type 
(Rapaport et al., 2004). These birthdating experiments revealed that the RGCs, 
CPs, HCs, and majority of ACs are born during early histogenesis, which in 
rodent species between E10 to E18. The RPs, BCs and MG are generated 
during late histogenesis between E18 and postnatal (PN) day 10. Evidence in 
Xenopus using lineage-tracing dyes and in rodents using retrovirus-mediated 
gene transfer has shown that retinal cells can be generated from single type of 
multipotent retinal progenitor cells (RPCs) (Price et al., 1987; Wett and Fraser, 
1988; Turner et al., 1990). For example, The E. coli !-galactosidase enzyme was 
expressed in proliferation cells in E13 rat retina using retroviral-based 
transduction (Turner et al., 1990).  
As a part of CNS, the development of the retina is highly comparable to that of 
cortex (Robinson, 1991, Alder, 2000). The neuroepithelium of the retina contains 
outer part of neuroblastic layer (NBL) where RPCs keep proliferating like cells in 
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the ventricular zone of cortex.  The inner part of NBL, which is close to the vitreal 
surface, acts similar to cortical plate. In retinal development, migration of 
differentiated cells from outer part of NBL to the inner retina is comparable to 
cortical development where the newborn neurons migrate to cortical plate from 
ventricular zone. The cell fate commitment of RPCs and NPCs also follows 
similar trends that neurogenesis precedes gliogensis in development. In addition, 
proneural genes expressed in retina and cortex are largely overlapping, including 
NeuroD, Ascl1, and NGN1/2 (Ahmad, 1995; Acharya et al., 1997, Cepko, 1999). 
All above similarities suggest retina as a simple and an excellent model of CNS 
in studying CNS development and cell fate commitment of NSCs.  
 
F. The regulation of RPCs 
 
Similar to NSCs, the fate commitment of RPCs is strictly regulated by cell 
intrinsic factors (transcription factors=TFs). During retinal development, RPCs 
are maintained by the expression of bHLH TFs, Hes1 and Hes5, and the 
generation of neurons is regulated by proneural TFs, such as Ascl1. The 
perturbation of function approaches have demonstrated that it is the 
combinational expression of bHLH (basic helix-loop-helix) and homeobox TFs 
that determines the specification of different types of neurons (Figure 12) 
(Hatakeyama, Kageyama, 2004; Ohsawa and Kageyama, 2008). In early 
histogenesis, bHLH TF Ptf1 is essential for RPCs specification along HC and AC 
lineage. Further expression of homeobox TF, Prox1 confers HC phenotype (Li et 
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al., 2004). Similarly, the generation of another early born neuron, RGC, is 
promoted by the expression of either bHLH TF Atoh7 or its down-stream effector, 
homeobax TF Pou4F2 (Brn3b) (Brown et al., 2001;Liu et al., 2001; Yang et al., 
2003). In late retinal histogenesis, the ectopic expression of bHLH TFs NeuroD 
leads to the generation of late born neurons, particularly RPs, and the generation 
of BCs from RPs requires Chx10, a homeobox TFs (Ahmad I et al., 1998 a: 
Hatakeyama et al., 2001). For the sole glial cell type, MG, their generation is 
under the regulation of bHLH TF Hes1 and homeobax TF Rx (Furukawa et al., 
2000). 
Evidence emerging from in vitro studies in controlled conditions suggests that the 
cell intrinsic factors regulate cell fate specification in concert with cell extrinsic 
factors. These extrinsic factors could be diffusible (e.g. FGF2) (Ahmad I et al., 
1998 b; Hicks and Courtois, 1992) and membrane bound receptor-ligand 
complex (e.g. Notch signaling) (Ahmad I et al., 1995). For example, Notch 
signaling is important in the maintenance of RPCs in early histogenesis and the 
generation of MG in late histogenesis. In early histogenesis, when Notch 
signaling is activated by ligand from surrounding cells, the Notch receptors 
release their intracellular domain (NICD), which translocates into nucleus and 
induce the expression of its down-stream effectors such as Hes1 and Hes5 
(Artavanis-Tsakonas et al., 1995; Honjo, 1996). The presence of Hes1 and Hes5 
inhibits the expression of proneural TFs, which maintains RPCs in uncommitted 
status (Gaiano et al., 2000). The ectopic expression of NICD or Hes1 in postnatal 
RPCs demonstrated that Notch signaling is important for the generation of MG 
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(Furukawa et al., 2000). Wnt signaling is involved in promoting the maintenance 
and inhibiting the differentiation of early RPCs (Das et al., 2008). Notch signaling 
can also promote the uncommitted state of RPCs in concert with Wnt signaling 
by accelerating the activities of !-catenin/Lef1 complex, the down stream factor 
of Wnt signaling. Our lab also showed that other diffusible factors, such as 
CNTF, have the ability to regulate the neurogliogensis in a dose-dependent 
manner (Bhattacharya et al., 2008).  
Epigenetic regulation, which controls the gene expression at transcript level 
without changing the DNA sequences, is linked to both cell intrinsic and extrinsic 
regulation programs. The epigenetic signatures can be modified by cell extrinsic 
factors. For example, Notch signaling promotes the demethylation of astrocytic 
gene promoters in NSCs (Namihira et al., 2009).! The changes of epigenetic 
signatures further influence the cell intrinsic and extrinsic effect by regulating the 
expression of TFs and down stream factors of cell signaling pathways such as 
Hes1 and Hes5 in Notch signaling (zhang et al., 2015).! Our lab has 
demonstrated that, Brm, a SWI/SNF chromatin remodeling ATPase, promotes 
RGCs differentiation by facilitating proneural gene, Brn3b and inhibiting Notch 
signaling (Das et al., 2008). 
Recently, an endogenous regulated RPCs competence model was reported 
based on observations that RPCs grown in isolated conditions gave rise to 
clones that were similar in size and composition to clones in vivo, which revealed 
that environmental influence might not be essential in the regulation of RPCs 
(Bojie et al., 2014; Barton and Fendrik, 2015). In this model, the proliferation and 
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differentiation of RPCs may be regulated in part stochastically (Gomes et al., 
2011). In this stochasticity model, the fate of RPCs is controlled by defined 
probabilities, which ensures that each type of cells generated from RPCs follow 
the accurate proportion. 
 
G. The involvement of miRNAs in the regulation of RPCs 
 
Evidence has emerged that miRNAs are key regulators mediating proper 
development of CNS and cell fate commitment of NSCs (Iyer et al., 2014; Meza-
Sosa et al., 2014). The first evidence suggesting the involvement of miRNAs in 
retinal development emerged from study in Drosophilia (Li and Carthew, 2005). 
The misexpression of miR-7 reduced the expression of Yan, a spontaneous 
differentiation inhibitor of NPCs in Drosophila, which resulted in the up-regulation 
of photoreceptor generation. The discovery of a large group pf miRNAs in the 
adult mouse retina and later the global pattern of miRNA expression in the 
developing retina suggested that miRNA might be involved in retinal 
development and in the maintenance of differentiated phenotype in the adult 
retina (Ryan et al., 2006; Hackler et al., 2010; Karali et al., 2010). 
The involvement of miRNAs in retinal development was first examined through 
the global down-regulation of miRNA expression by inhibiting the expression of 
Dicer (Decembrini et al., 2008).  When Dicer inhibitors were expressed in the 
early developmental stage of Xenopus (4-cell stage), it affected the proper 
lamination of the retinal cells, delayed the cell cycle exit, and promoted cell 
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death. Similar results were observed in the studies using Cre-mediated Dicer 
CKO technology in the early histogenesis of mouse retina (Figure 13). When Rx, 
Pax6 or DKK3, all universally expressed in early RPCs, were used for the Cre-
mediated CKO of Dicer, it led to smaller retina and hyper-apoptosis during 
mouse retinal development (Georgi and Reh, 2010; Pinter and Hindges, 2010; 
Iida et al. 2011). More over, the Pax6-Cre- and DKK3-Cre-mediated Dicer CKO 
blocked the transition of RPCs from early to late stage, which led to retinal 
disorganization, abnormal generation of RGCs, and reduction of late born cell 
population. In contrast, when Dicer was removed later by Cre expression driven 
by Chx10 promoter, which is active in mouse RPCs E14.5 onward, the 
phenotype did not show significant lamination disorder or abnormal generation of 
retinal cell types, but only the improper activation of MG  (Damiani et al., 2008).  
Recent observations have identified specific miRNAs in the stage-specific 
regulation of RPCs and the generation of different retinal cell types. For example, 
a set of four miRNAs (miR-129, miR-155, miR-214, and miR-222), which are 
highly expressed in early stage of retinal development, controls the timing of BCs 
genesis by inhibiting the translation of Xenopus Otx2 and Chx10 transcripts 
(Decembrini et al., 2009).  
Taken together, these observations revealed an important role of miRNAs during 
retinal development, which prompted us to examine the involvement of let-7 in 
the regulation of RPCs, particularly during late histogenesis when neurogliogenic 
decision is made. 
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H. The involvement of Lin28-let-7-Hmga2 axis in the regulation of RPCs 
 
As the key component of the Lin28-let-7-Hmga2 axis, let-7 was identified as one 
of the most differentially expressed miRNAs during retinal development, together 
with miR-9 and miR-125 (La Torre et al., 2013). Therefore, those three miRNAs 
were considered as late progenitor miRNAs (LP-miRNAs). It was shown that the 
presence of those three miRNAs could release the transition of RPCs from early 
to late histogenesis, which was blocked by Dicer silencing, by promoting the 
expression of Ascl1. ! In normal condition, the ectopic expression of LP-miRNAs 
was able to accelerate developmental timing in retinal progenitors to increase the 
production of the late born cells, rod photoreceptor. However, the role of let-7 in 
RPCs regulation, particularly during the neurogliogenic decision remians poorly 
defined for the following reasons. First, the study was not carried out during late 
retinal histogenesis when late RPCs choose between neuronal and glial lineages 
and second, the functional involvement of let-7 was examined together with miR-
9 and miR-125. 
Similar to let-7, the involvement of the up-stream regulator of let-7, Lin28 in the 
regulation of late RPCs remains poorly understood. Additional, the conclusion in 
the study that Lin28b regulates the competence of early RPCs remains weak, 
with absence of a robust comparison between early and late RPCs. 
The roles of let-7 target, Hmga2 in retinal development and the regulation of 
RPCs have been investigated recently (Parameswaran et al., 2014). It has been 
demonstrated that Hmga2 regulated the self-renewal of late RPCs, by influencing 
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the proliferation through P16 pathway. It was also shown that Hmga2 had 
inhibitory influence on the generation of late born cells, e.g. RPs, suggesting the 




miRNAs, a type of small non-coding RNAs, are highly conserved in a variety of 
organisms. Analyses for the expression profiles of miRNAs in developing and 
adult retina demonstrated a tissue-specific and temporal expression pattern, 
suggesting their involvement in regulating retinal development and cell fate 
determination of RPCs. The global silencing of miRNAs using Rx-Cre- and Dkk3-
Cre-mediated Dicer CKO has shown that miRNAs are involved in various 
biological functions including cell fate commitment and development timing 
regulation. The overexpression of late LP miRNAs in early developing retina 
accelerated development timing and overproduction of RPs. These observations 
and the expression of the key components of let-7 based molecular axis, suggest 
let-7’s involvement in the regulation of RPCs. 
 
J. Hypothesis and Aims 
 
We have proposed the following hypothesis to examine the involvement of let-7 
in the regulation of retinal development. 
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Hypothesis: Lin28-let-7-Hmga2 axis regulates the cell fate commitment of RPCs 
during retinal development.  
Experiments were carried out under following specific aims to test our hypothesis: 
Specific Aim 1: To identify miRNAs involved in rat retinal development during 
late retinal histogenesis.  
To monitor the retinal development in a simpler and more efficient manner, we 
established an in vitro model in which RPCs were enriched and differentiated in 
defined conditions. Temporal expression analyses of miRNAs was carried out 
using microRNA microarray assay and the results from it was confirmed using 
qPCR analyses. To identify which miRNA is involved in the regulation of late 
RPCs, we carried out temporal profiling of miRNAs in an in vitro model of late 
retinal histogenesis in controlled conditions. miRNAs expressed in miRNAs 
expressed in RPCs and differentiated retinal cells were clustered into different 
classes based on their expression patterns.  
Specific Aim 2: To examine the expression profiles of let-7 and Lin28 during rat 
retinal development.  
To understand the involvement of let-7 and Lin28 in the regulation of RPCs, we 
first demonstrated their temporal and spatial expression patterns during retinal 
development. The temporal expression patterns were examined using qPCR 
analysis (Lin28, let-7, Hmga2). The spatial expression patterns were addressed 
using immunofluorescence labeling (Lin28, Hmga2). 
Specific Aim 3: To determine the involvement of let-7 in the regulation of RPCs.   
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The involvement of let-7 in the regulation of RPCs was examined by perturbation 
of function analysis in the in vitro model of late retinal histogenesis, using 
lentivirus-mediated GOF and LOF approaches. The effects on cell fate 
commitment of RPCs were examined by quantifying the differentiation of RPCs 
along the neuronal and glial lineages. Similar perturbation approaches were 
carried out on retinal explants to confirm our in vitro observations, where normal 
cell-cell interactions are maintained. 
Specific Aim 4: To determine the involvement of Lin28 in the regulation of 
RPCs. 
Similar to specific aim 3, the involvement of Lin28 in the regulation of RPCs was 
examined by perturbation of function analyses in the in vitro model of late retinal 
histogenesis, using lentiviral- and retroviral-based GOF and LOF approaches. 

















Figure 1. The pathway of miRNA biogenesis.  
The biogenesis of miRNAs starts from the transcription of pri-miRNAs by Pol II or 
Pol III from miRNA genes and portions of introns of protein-coding RNA 
transcripts. Pri-miRNAs fold into hairpin structures with imperfectly base-
matching stems. Pri-miRNAs are recognized by Dgcr8, which leads to the 
recruitment of Drosha RNase III endonuclease. Drosha cleaves pri-miRNAs into 
hairpins of about 70 nucleotides, which is known as pre-miRNAs. Pre-miRNAs 
are transported to the cytoplasm by Exportin5-Ran-GTP complex. In the 
cytoplasm, pre-miRNAs are cleaved into 22-24 bp miRNA:miRNA* duplex by 
Dicer, another RNase III endonuclease. After the seperation of 
miRNA:miRNA*duplex by Helicase, one strand functions as mature miRNA by 















Figure 2. The mechanisms of miRNAs in regulation of mRNA.  
(A) The perfect match between miRNAs and the 3’UTR of mRNA leads to 
endonucleolytic cleavage of the targeted mRNA by Ago2. (B) The partial 

















Figure 3. Possible mechanisms of miRNA-mediated translational 
repression. 
The binding of miRISC to the 3’UTR of target mRNA results in translational 
repression by the following possible mechanisms. (A) Deadenylation. The 
binding of miRISC to mRNA recruits CCR4-NOT complex which deadenylates 
the poly-A tails. The gradual shortening of poly-A tail results in destabilization 
and degradation of the targeted mRNA. (B) Translation initiation block. The 
miRISC can inhibit the recognition of eIF4E to the m7G cap of target mRNA or 
the 60S joining, which blocks the initiation of translation. (C) Translation 
elongation block. After the initiation of translation, the miRISC can slow the 
elongation or remove ribosome to block the translation of the targeted mRNA.  
(D) Proteolysis. The miRISC may also activate and facilitate the proteolytic 











Figure 4. The involvement of miRNAs in the regulation of early NSCs. 
 (A) The schematic of Emx1-Cre-mediated Dicer CKO. (B) In normal condition, 
NSCs have the capacity for self-renewal and differentiation along neuronal and 
glial lineage. (C) The Dicer CKO in early NSCs inhibited their proliferation and 
their differentiation into Tbr- neurons. The generation of Tbr+ neurons was 
promoted and the differentiation of astrocytes remained unaffected. (Kawase-














Figure 5. The involvement of miRNAs in the regulation of late NSCs. 
 (A) In control condition, the late NSCs could proliferate and differentiate into 
neuronal and glial cells. (B) The stage-specific Dicer CKO using Nestin-Cre 
slowed the proliferation rate of the late NSCs in vitro, and significantly inhibited 







Figure 6. The regulatory loop of Lin28-let-7 axis. 
miRNA let-7 directly targets hetorochronic genes, Lin28 and Lin41, which leads 
to reduction of proliferation capacity of NSCs. Lin28 binds to the genomic loci of 














Figure 7. The Lin28-let-7-Hmga2 axis in the regulation of NSCs. 
One key pathway of the cell fate commitment of NSCs is the Lin28-let-7-Hmga2 
axis. The pluripotency promoting factor Lin28 represses the expression of let-7 
through directly binding and blocking the biogenesis of let-7. let-7 can modulate 
Lin28 expression via negative feedback. let-7 can also target other proliferation 
promoting genes including Imp1 and Hmga2 and inhibit their expression. Since 
Imp1 could bind and stabilize the transcript of Hmga2, the presence of let-7 could 
inhibit the expression of Hmga2 in direct and indirect ways. Our results showed 
that Hmga2 might have a feed forward effect on Lin28, to sustain the 









Figure 8. The let-7-Tlx axis in the regulation of NSCs. 
One mechanism for let-7-mediated repression of proliferation is through Tlx. Tlx 
is highly expressed in NSCs, which is a direct target of let-7. The elevation of let-
7 expression decreases Tlx level, which releases the inhibition of the Tlx targets, 
such as miR-9, Pten and P21. These downstream effectors of Tlx inhibit 
proliferation by disrupting cell cycle and repressing Notch signaling. miR-9, which 
inhibits the expression of Tlx in a feedback manner, is also involved in 























Figure 9. The mechanisms of let-7 in the regulation of NSCs. 
Three main mechanisms of let-7 in regulating NSCs have been reported. (A) let-7 
can inhibit the proliferation of NSCs by targeting Lin28, Hmga2, Imp1, and Tlx. 
(B) let-7 can disrupt cell cycle progression directly by targeting cyclins, CDKs and 
CDC. (C) let-7 may also be involved in neurogliogenes, however, the direct target 



















Figure 10. Structure of the adult vertebrate retina. 
Cells in retina are arranged in stereotypical laminar organization. Cell bodies of 
RPs/CPs and BCs/HCs/ ACs are located in the outer and inner nuclear layers, 
respectively. Cell bodies of RGCs and displaced ACs are arranged in the RGC 
layer. The outer and inner plaxiform layers represent synaptic engagement 













Figure 11. The temporal patterns of rat retinal cytogenesis. 
In rat retinal development, generation of neurons and MG occurs in two 
evolutionarily conserved histogenetic stages. And the peaks of each triangle 
indicate that the differentiation of each cell type reaches 50% of the total number. 
RGCs, HCs, CPs and most of ACs are generated in early histogesis from E10 to 
E18.  The differentiation of RPs, BCs, MG and the rest of ACs occurs in late 






Figure 12. Rat retinal cytogenesis is regulated by cell intrinsic factors. 
The differentiation of specific retinal cell types is determined by combinational 
effects of key TFs. (Hatakeyama and Kageyama, 2004; Rapaport et al., 2004; 










Figure 13. The involvement of miRNAs in the regulation of early RPCs. 
The blockage of miRNAs biogenesis in early RPCs was mediated by Pax6-Cre or 
DKK3-Cre Dicer CKO. The Dicer CKO blocked the transition of RPCs from early 
to late states, which led to the over-production of early born cells such as RGCs. 






Chapter 2. Methods 
 
This study was approved by the Institutional Animal Care and Use Committee 
(IACUC) at the University of Nebraska Medical Center (protocols #95-005-09FC 
and #97-100-08FC). Animals were housed in the Department of Comparative 
Medicine at the University of Nebraska Medical Center. Timed pregnant Sprague 
Dawley rats from SASCO and Charles River Laboratories were used to carry out 
all experiments. 
 
A. Animal dissection 
 
For the isolation of retinas from embryos, pregnant Sprague Dowley rats (Sasco, 
Madison, WI; Charles River, Roanoke, IL) of the appropriate gestational stages 
were sacrificed by CO2 asphyxiation and decapitation. Embryos were collected 
in sterile Hanks’ Balanced Salt Solution with Ca and Mg (HBSS Ca2++/Mg2++). 
For the isolation of retinas from rat pups or adult rats, Sprague Dowley rats of the 
proper stages were sacrificed by CO2 asphyxiation and decapitation. 
Eyes were removed from embryos/pups/adult rats and were collected in ice-cold 
sterile HBSS. Retinas were separated from the underlying retinal pigment 
epithelium using 30G1/2 or 27G1/2 needles. Retinas were collected in sterile 
RNAse-free microfuge tubes and pelleted by centrifugation at 18 rpm for 5 mins.  
 
B. Retinal cell dissociation 
 
Retinas, suspended in 4ml of dissociation solution (0.1% Trypsin, 20 !g/ml 
DNAse, 1 mM EDTA in Ca and Mg free HBSS (HBSS Ca2+-/Mg2+-)), were 
incubated 10 min at 37°C. Trypsin was neutralized by adding 10% FBS. 
Dissociation solution was removed by centrifugation at 1800 rpm for 5 mins, and 
washed with HBSS Ca2+-/Mg2+- once. Retinas were triturated 20 times using 1ml 
pipette in retinal culture medium (RCM) (DMEM/F12, 1% N2 supplement, 2 mM 
! %'!
Glutamine, 100 U/ml Penicillin/Streptomycin) containing 10 !g/ml DNAse. The 
viability of retinal dissociates, stained by Trypan blue, was determined using a 
hemacytometer for retinal cell culture. 
 
C. Neurosphere assay 
 
Retinal dissociates were cultured in RCM and FGF2 (10 ng/ml) for 5 days at a 
plating density of 1500 cells/mm2 to generate neurospheres. Neurospheres were 
collected on day 5 and transferred onto poly-D-lysine (PDL) and laminin coated 
6-well-plates in RCM:E18 conditioned medium (1:1), supplemented with 2% 
Knockout Serum (KOS), 1 mM Taurine, 3 µM DAPT, 500 nM Retinoic Acid, 15 
ng/ml BMP4 to facilitate differentiation. The culture was terminated 5 days after 
plating.  
 
PDL & laminin coating 
The PDL solution was prepared at the concentration of 0.1 mg/ml. The culture 
plates or chamber slides were incubated with overnight at RT. The PDL solution 
was washed 3 times with sterile water and air dried for 15 mins. The PDL coated 
culture plates or chamber slides were incubated with Laminin 2 hrs at RT with the 
concentration of 5 µg/ml. After 2 hrs incubation, Laminin solution was removed 
and fresh medium was added to the culture plates or chamber slides for further 
use. 
 
D. Microarray analysis 
 
miRNA for microarray analysis were isolated from three different stages of in vitro 
model of late retinal histogenesis. Following microRNA isolation, the miRNA 
microarray was performed by Exiqon (Exiqon, Vedbaek, Denmark). Briefly, 
miRNAs were labeled by the mercury Hy3/Hy5 power labeling kit. The Hy3-labled 
samples were hybridized to the mercury LNA array slides. Following hybridization 
and washing, the slides were scanned with highly sensitive equipment. After 
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scanning, the threshold was determined by overall signal intensity of the slide 
and non-specific miRNAs were removed according to the threshold. Median 
normalization was carried out and significantly differentially expressed miRNAs 
were selected by volcano plot filtering. 
 
E. Viral Vectors 
 
The PreMiR-let-7c (PMIRHlet7cPA-1) for let-7 overexpression with control Pre-
000 (PMIRH000PA-1) and miRZip-let7c (MZIPlet7c-PA-1) for let-7c knockdown 
and control Zip-000 (MZIP000-PA-1) lentivirus constructs were obtained from SBI 
(Mountain View, CA). The backbone of PMIRHlet7cPA-1 and PMIRH000PA-1 
vectors was the dual promoter viral plasmid, PMIRHxxx-PA-1, in which pre-let-7 
and GFP expression was driven by CMV and EF1 promoters, respectively. The 
backbone of MZIPlet7c-PA-1 and MZIP000-PA-1 vectors was the dual promoter 
viral plasmid, MZIPxxx-PA-1, in which let-7 shRNA and GFP expression was 
driven by H1 and CMV promoters, respectively. Hmga2 (3’UTR DEL)+GFP 
(Plasmid #25406) lentivirus constructs were obtained from Addgene. The 
backbone of Hmga2 (3’UTR DEL)+GFP vector was the dual promoter viral 
plasmid, pLentilox RSV, in which Hmga2 and GFP expression were driven by 
RSV and CMV promoters, respectively. The mCherry control vector was obtained 
as pre-made lentiviral particles from GeneCopoeia (Catalog # LPP-MCHR-
LV105-025); mCherry expression was driven by the CMV promoter. Lin28a 
(Plasmid #26357) and Lin28b (Plasmid #26358) retrovirus constructs were 
obtained from Addgene. The empty vector of pMSCV and pBabe.puro were used 
for controls of Lin28a and Lin28b, respectively. 
 
F. Lentivirus and Retrovirus Preparation and Transduction 
 
Lentivirus preparation and transduction were as previously described 
(Parameswaran et al., 2012). Briefly, the recombination lentiviral particles were 
generated using the ABM lentivirus packaging system (BC, Canada) through 
! %)!
transient transfection of T293 cells and concentrated using BioVision PEG 
lentivirus precipitation kit (Milpitas, CA). Virus titer was determined using ABM 
lentivirus titration kit. The retinal dissociates, neurosphere cells, and explants 
were transduced with lentiviruses with the multiplicity of infection (MOI) of 4, 
overnight. Viruses were removed next morning. The efficiency of lentivirus 
transduction was determined after 48 hours of transduction by sorting of GFP+ 
cells. Lin28a and Lin28b retrovirus transduced cells were selected using 
selective marker neomycin with G418 (200 µg/ml) and puromycin (1 µg/ml), 
respectively. The perturbation experiments were carried out three times in 
triplicates as follows: 10-14 E18 embryos/group (in vitro perturbation) and 9 
retinas/group (ex vivo perturbation).  
 
G. Preparation of E18 Retinal Conditioned Medium 
 
Cell dissociates from E18 retinae were plated at the density of 1X105 cells/cm2 in 
RCM with 2% KOS. After 3 days, the E18 conditioned medium was collected, 
centrifuged to remove floating cells, filtered using 0.2 µm filters, and stored in -
80°C until use. 
 
H. Retinal Explant Culture 
 
The retinal explant cultures were as previously described (Del Debbio et al., 
2010). E18 retinae were placed on a 0.4 µm semi-permeable membrane 
(Millipore, Temecula, CA), with the retina ganglion cell (RGC) layer facing 
upward and subsequently cultured with RCM and 10% fetal bovine serum (FBS). 







I. Quantitative Polymerase Chain Reaction 
 
1. Whole RNA isolation 
 
Whole RNA was isolated from retinas collected from rat embryos/rat pups/adult 
rats, neurospheres, differentiated neurosphere cells, and retinal explants, by two 
methods, using Trizol-based RNA extraction (Gibco BRL, Grand Island, NY), and 
mercury RNA isolation kit (Exiqon, Vedbaek, Denmark). The concentration of 
RNA was determined by Nanodrop spectrophotometer (NanoDrop, Wilmington, 
DE). 
 
2. cDNA synthesis 
 
1) For mRNA cDNA synthesis 
10 µg RNA from each sample were mixed in 50 µl reaction containing 10 mM 
DTT, 0.5 mM dNTPs, 10 µM Random hexamers, 40 U RNAsin, 400U 
SuperScript reverse transcriptase, and 5X reaction buffer. Reactions were 
incubated for 1 hour at 37°C, 30 min at 42°C, and 10 min at 95°C using 
RoboCycler (LabX, Midland, Canada). 
 
2) For total RNA cDNA synthesis 
cDNA synthesis from whole RNA was carried out using miScript II RT kit 
(Qiagen, Valencia, CA). Briefly, 1 µg whole RNA was mixed in 20 µl reaction 
containing 2 µl miScript nuleics mix, 4 µl miScript HeFlex buffer, and 2 µl miScript 
reverse transcriptase mix. Reactions were incubated for 1 hour at 37°C, 5 min at 
95°C using RoboCycler. 
 
3. Quantitative PCR 
 
cDNA were amplified using SYBR green PCR kit (Qiagen, Valencia, CA) with 
RotorGene 600 (Corbett Robotics, San Francisco, CA). Sequences of transcript-
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specific primers are given in Table 1. All qPCR results measured each sample in 
triplicate and no-template blanks were used for negative controls. Amplification 
curves and gene expressions were normalized to the house-keeping gene 
GAPDH (for mRNA) and U6 snRNA (miRNA).   
 
Gene Sequence Size(bp) To     Accession N. 
Atoh7 5’-CAGGACAAGAAGCTGTCCAA-3’  
5’-GGGTCTACCTGGAGCCTAGC-3’ 
173 56 AF071223 
Brn3b 5’- GGCTGGAGGAAGCAGAGAAATC-3’  
5’- TTGGCTGGATGGCGAAGTAG -3’ 
141 58 NM_134355.1 
CCND1 5’-ACCCTGACACCAATCTCCTCAAC-3’  
5’-ATGGATGGCACAATCTCCCTCTGC-3’ 
118 56 NM_171992.4 
Cralbp 5’- TTTCCAGTCGGGACAAGTATGG -3’  
5’- TTGGGTTTCCTCGTTCTCCAGCAG-3’ 
140 53 NM_001106274.1 
 
Ezh2 5’- TGTTTCCAGATAAGGGCACAGC -3’  
5’- CAGATTTGGCATTTGGTCCATC-3’ 
126 56 NM_001134979.1 
Hes1 5’-CCTCTCCTTGGTCCTGGAATAG-3’  
5’-AGGCTGTCTTTGGTTTGTCCG-3’ 
285 54 NM_024360 
Hmga2 5’-GAGACCATTGGAGAAAAACGGC-3’  
5’-AATCTTCCTCTGCGGACTCTTGCG-3’ 
118 56 NM_032070.1 
GAPDH 5’-ACAGTCCATGCCATCACTGCC-3’  
5’-ACAGTCCATGCCATCACTGCC-3’ 
266 60 NM_017008 
GFAP 5’-ATCTGGAGAGGAAGGTTGAGTCG-3’ 
5’-TGGCGGCGATAGTCATTAGA-3’ 
310 58 NM017009 
 
Glast 5’-TGCCTCTCCTCTACTTCCTGGTAAC-3’  
5’-TGGTGATGCGTTTGTCCACAC-3’ 




157 60 XM_006247193.2 
Ki67 5’-CAGCAGAAGAATCGTGGGAGAC-3’  
5’-CCTACTTTGGGTGAAGAGGTTGC-3’ 
103 54 XM_225460.4 
Lin28a 5’- AGGTTTCCGAAGCCTCAAG -3’  
5’- CGCTCACTCCCAATACAGAAC -3’ 
120 55 NM_001109269.1 
Lin28b 5’-GGAAGTGAACGAAGACCTAAAGGG-3’  
5’-AGACCACCGCAGTTGTAGCATC-3’ 
152 52 XM_002725881.1 
 
mGluR6 5’-CACAGCGTGATTGACTACGAG-3’  
5’-CTCAGGCTCAGTGACACAGTTAG- 3’ 
317 56 NM_022920.1 
NeuroD4 5’-AAACACATCCTCTCCATCTCAAGC-3’  
5’-AGTTGCCACTAATACTCAGGGGTG-3’ 
132 55 NM_001105942.1 
NFL 5’-GCAGGACACAATCAACAAACTGG-3’ 
5’-GCTTTCGTAGCCTCAATGGTCTC-3’ 
348 56 NM_031783 
 
Nrl 5’-TGAGTCCTGATGAGGCTGTGGAAC-3’  
5’-CTGAAAATCTCTCGGGCAACTG-3’ 
132 57 NM_001106036.2 
Pax6 5’-TGGTGGTGTCTTTGTCAACGGG-3’  
5’-TGGAGCCAGTCTCGTAATACCTGC-3’ 
180 58 NM_013627 
 
REST 5'- CTGCTGTGATTACCTGGTTGGTG -3' 
 
5'- TTCAAATACGGGCTGGGGCTCTAC -3' 
 






151 57 NM_033441.1 
Rx 5’-ATCCCAAGGAGCAAGGAGAG-3’  
5’-TTCTGGAACCACACCTGGAC-3’ 
256 58 AF135839 
S-opsin 5’-TTCTTGGGCTCTGTAGCAGGTC-3’  109 54 NM_031015 
! &#!
5’-TGGAGTTGAAGCGGATGTTGC-3’  
Sox9 5’-AGAAAGACCACCCCGATTACAAG-3’  
5’-ATGGCGTTAGGAGAGATGTGAGTC-3’ 
112 56 NM_080403.1 
Tlx 5’-TGCGAATCAGCAGCCAGACTTC-3’ 
5’-CCAGTAGTGTGTTAGCATCAACCG-3’ 
175 55 NM_152229.2 
miRNA     
Universa
l primer 
5’-GAATCGAGCACCAGTTACGC-3’    
U6 5’-TGGCCCCTGCGCAAGGATG-3’  55  
let-7a 5’-TGAGGTAGTAGGTTGTATAGTT-3’  55 MIMAT0000774 
let-7b 5’-TGAGGTAGTAGGTTGTGTGGTT-3’  55 MIMAT0000775 
let-7c 5’-TGAGGTAGTAGGTTGTATGGTT-3’  55 MIMAT0000776 
Table 1. List of specific primers 
 
J. Western blotting 
 
1. Protein isolation 
 
After a wash with fresh PBS, adherent 293T cells were lysed in RIPA lysis and 
extraction buffer (Thermo Scientific, San Francisco, CA). Cell debris was 
removed by a 5 min centrifugation at 13000 rpm at 4°C. Protein concentration in 
lysates were determined using Pierce BCA reagent protein assay kit as 
described by the manufacturer (Life technologies, Grand Island, NY). Briefly, 
diluted lysates were combined with the BCA reagent. After 30 min incubation at 
60°C, absorbance was measured by the at 562 nm using SpectraMax microplate 
reader (Molecualr Devices, Sunnyvale, CA). Protein concentration was 
calculated based on absorbance measurements of the BSA protein standards.  
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2. Western blotting 
 
Protein samples were resolved by SDS-polyacrylamide gel eletrophoresis on 
12% acrylamid gels. 10 µg of protein were separated for 1 hour at 50V in 
stacking gel and 1 more hour at 100V. Once resolved, proteins were transferred 
onto membranes at 4°C at 30mA overnight in circulating transfer buffer. Non-
specific sites on membranes were blocked for 1 hour at RT in Tris buffered 
saline/Tween 20 (TBST) containing 5% non-fat milk. Membranes were incubated 
overnight at 4°C in anti-Lin28a antibody (1:200) or anti-Lin28b antibody (1:200) 
diluted in TBST/1% non-fat milk. Unbond primary antibodies were removed with 
5 washes of TBST and specific binding was detected by incubating with goat 
anti- or donkey anti-goat conjugated to alkaline phosphates for 1 hour at RT. 
Following 5 washes of TBST, protein were visualized by incubating with alkaline 
phosphatase substrates at a concentration of 0.4mg/ml NBT and 0.19 mg/ml 
BCIP. 
 
K. Immunofluorescence Analysis 
 
1. Tissue preparation 
 
E14/ E18 embryo heads, P1 and adult eyes, and retinal explants were fixed 
overnight at 4°C in 4% paraformaldehyde. Fixed tissue was cryoprotected in 30% 
sucrose at 4°C overnight. Tissues were embedded in OCT tissue freezing 
medium and were frozen and stored at -80°C.  
Retinal and neurosphere dissociates, neurospheres, differentiated neurosphere 
cells attached to PDL/laminin or Gelatin coated cover slips, and chamber slides 
were fixed in 4% paraformaldehyde for 15min. Fixed cells were stored in 
phosphate buffered saline (PBS) at 4°C. 
 
2. Immunofluorescence analysis 
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(1) Single immunofluorescence 
Immunofluorescence analysis for specific proteins and BrdU was carried out as 
previously described (Parameswarn et al., 2012). Cryostat sections and fixed 
cells on cover slips/chamber slides were incubated in 1XPBS with 5% NDS/NGS 
and TritonX-100 (0.4% for nuclear staining and 0.2% for cytoplasmic staining) for 
30 min to block the non-specific sites.  First, primary antibodies for specific 
proteins were added after removing all blocking solution and samples were 
incubated overnight at 4°C. After rinsing, samples were incubated with secondary 
antibodies conjugated to Cy3/ FITC for 2 h at RT. Samples were mounted using 
VectaShield (Vector Labroatories, Burlingame, CA) and images were taken using 
Zeiss AX10 fluorescence microscope and AxioVision Rel. 4.8 software. Primary 
antibodies for specific proteins are listed in Table 2. For quantification of the 
percentage of specific cell types in each experiment, the numbers of cell-specific 
antigen-positive cells were counted in 15 randomly selected fields in three wells 
(5 fields each) of 8-well-chamber slides or 3 cover slips (5 fields each).  
 
(2) Double immunofluorescence 
To detect more than one antigen, immunofluorescence was carried out for the 
first antigen as decribed above. After the wash for secondary antibody, cells or 
sections were incubated with the secondary primary antibody and were 
processed as for the first primary antibody as described above.  
 
(3) BrdU immunofluorescence 
BrdU incorporation was detected by immunofluorescence as double 
immunofluorescence described above with several additional steps. After the 
wash for the secondary antibody of first immunofluorescence, cells or sections 
were incubated for 45 mins at 37°C in 2 N HCl, following by two washes in PBS 
and neutralization in 0.1 M Boric acid (pH=8.3) for 10 mins at RT to increase the 
accessibility of the antibody to incorporated BrdU. The Boric acid was removed 
by 3 washes in PBS and cells or sections were incubated with the secondary 
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primary antibody and were processed as for the first primary antibody as 
described above.  
 
 
Name Species Dilution Company 
BrdU Rat 1:100 Accurate chemical 
Brn3b Goat 1:100 Santa Cruz biotech 
Chx10 Sheep 1:100 Chemicon 
Crx Mouse 1:100 Abnova 
GAPDH Mouse 1:1000 
(Western-blot) 
Ambion 
Glast Rabbit 1:200 Abcam 
Hmga2 Rabbit 1:200 Cell signaling 
Ki67 Mouse 1:200 BD biosciences 
Lin28a Goat 1:100  
1:500  
(Western-blot) 
Santa Cruz biotech 
Lin28b Rabbit 1:500  
(Western-blot) 
Proteintech 
Pax6 Rabbit 1:50 Covance 
PKC Mouse 1:100 Santa Cruz biotech 
Recoverin Rabbit 1:100 Lifespan biosciences 
Rhodopsin Mouse 1:50 Gift 
Rx Rabbit 1:50 Gift 
Sox9 Rabbit 1:100 Millipore 
Table 2. List of primary antibodies. 
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L. Fluorescent Activated Cell Sorting (FACS) Analysis  
 
Cells in neurospheres, differentiated for 5 days, were dissociated and incubated 
in 1X PBS with 5% NGS and 0.3% Saponin for 30 min to block the non-specific 
sites. They were incubated in primary antibody for 1 h at RT and 1 h at 4°C. After 
washing, cells were incubated with secondary antibody for 1 h at RT. IgG was 
used as a negative control to set the gate of fluorescent activated cell sorting 
(FACS). For sorting of GFP+ cells, transduced E18 cells were suspended in Cell 
Sorting Buffer (1X HBSS Phenol Red-, 2% FBS, 25 mM HEPES, 1 mM EDTA). 
The GFP+ and GFP- cells were sorted based on the defined gate, using E18 
retinal cells transduced with negative controls, consisting of lentiviruses without 
GFP. 
 
M. Hoechst Dye Efflux Assay 
 
Neurospheres transduced with lentiviruses were dissociated into single cells and 
Hoechst dye efflux assays were carried out as previously described 
(Parameswarn et al., 2014). Neurosphere dissociates were suspended in 
Hoechst Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 2% 
FBS and 1mM HEPES at 4°C overnight. Cells were stained with Hoechst 33342 
(3.0 µg/ml) at 37°C for 30 min.  Verapamil (100 µM) and PI were used as a 
negative control and dead cell control, respectively. The SP and non-SP regions 
were defined on Hoechst-low and Hoechst–bright, based on the Hoechst blue 
and red axes, respectively.  
 
N. Statistical Analysis 
 
Statistical analysis was performed using unpaired two-tail t-test or one-way 
analysis of variance (ANOVA) for pairwise and multiple group comparisons, 
! &(!
respectively (GraphPad Prism Software). P values < 0.05 were considered 
significant. Tukey’s method for multiple comparisons was used when ANOVA 
produced a significant P value. All experiments were carried out at least two 
times in triplicates with 10-12 E18 embryos per group for in vitro perturbation and 






























Evidence has emerged that miRNAs are key regulators mediating proper 
development of CNS and cell fate commitment of NSCs (Iyer et al., 2014; Meza-
Sosa et al., 2014). The first evidence demonstrating the involvement of miRNAs 
in retinal development was the study of miR-7 on Drosophilia (Li and Carthew, 
2005). The misexpression of miR-7 led to the elevation of photoreceptor 
generation by reducing the expression of Yan, a spontaneous differentiation 
inhibitor of NPCs in Drosophila. The miRNA microarray analyses showed a 
distinct expression pattern of miRNAs in adult and developing mouse retina, 
suggesting the involvement of miRNAs in retinal development (Hackler et al., 
2010; Karali et al., 2010). 
The involvement of miRNAs in retinal development was examined through the 
global silencing of miRNA expression by inhibiting the expression of Dicer 
(Decembrini et al., 2008).  When Dicer inhibitors were expressed in the early 
developmental stage of Xenopus (4-cell stage), it affected the proper lamination 
of retinal cells, delayed the cell cycle exit, and promoted cell death. As Dicer 
knockout led to lethality in the early stage of embryos, Cre-mediated Dicer CKO 
technology was used to in the early histogenesis of mouse retina. When Dicer 
was removed by Rx-Cre, Pax6-Cre, or DKK3-Cre mediated CKO in early RPCs, 
it led to smaller retina size and hyper-apoptosis (Georgi and Reh, 2010; Pinter 
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and Hindges, 2010; Iida et al. 2011). In addition, the Dicer CKO in early retinal 
histogenesis blocked the transition from early to late RPCs competence states, 
which led to retinal mislamination, abnormal generation of RGCs, and loss of late 
born cell population (La Torre et al., 2013).  
These observations suggested important roles of miRNAs in the regulation of 
early RPCs. However, their roles during late retinal histogenesis where neurons 
and glia are generated remained unexplored. In this chapter, we examined the 
expression profiles of miRNAs toward identifying miRNAs involved in late retinal 
histogenesis. The following aims were achieved: (1) we established an in vitro 
model representing late retinal histogenesis; (2) we determined the expression 
patterns of miRNAs in late retinal histogenesis; (3) we classified miRNAs based 
on their expression patterns during late retinal histogenesis and identified let-7 as 
putative regulator of RPCs.  
 
B. The in vitro model system representing late retinal histogenesis. 
 
In order to investigate the involvement of miRNAs in rat retinal development, an 
in vitro model system recapitulating the in vivo generation of late born cells was 
established for the following reasons: 1) in vitro model allows a real-time 
monitoring of the cell fate commitment of RPCs; 2) in the in vitro model, timing 
and conditions for the differentiation of RPCs can be controlled; 3) contamination 
of all early born cell types is removed in this model which allows unambiguous 
interpretation of results; 4) differentiation of RPCs can be modulated along 
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neuronal or glial lineage by specific culture conditions. 
In this model, late RPCs were enriched through neurosphere assay in the 
presence of fibroblast growth factor 2 (FGF2) and subjected to differentiation 
condition to generate all three late born cell types in presence of E18 retinal cell 
conditioned medium (E18CM), supplemented with small molecules (e.g. DAPT, 
Taurine, BMP4, Retinoid acid) for the generation of late born neurons (Figure 14, 
15). The enrichment of RPCs in neurospheres was examined by BrdU+ cells co-
expressing cell cycle regulator, Ki67 and RPCs regulators, Pax6 and Rx (Figure 
16).  In neurospheres, majority of cells incorporated BrdU, and co-expressed 
ki67, demonstrating the enrichment of proliferating cells in neurospheres (Figure 
16A). Expression of Rx/Pax6 in proliferating cells confirmed their statues as 
RPCs in neurospheres (Figure 16B). Expression of Ki67, Pax6, and Rx 
transcripts in neurospheres corroborated the results obtained by 
immunofluorescence labeling.  
When neurospheres were subjected to differentiation condition, two observations 
were made: (1) as observed in vivo during late histogenesis from E18 to adult, 
transcripts corresponding to Rx, Pax6, and Ki67 decreased (Figure 17); (2) there 
was a significant increase for the levels of transcripts corresponding the 
regulators and markers of late born retinal cells, RPs (Nrl & Rhodopsin), BCs 
(NeuroD4 & mGluR6), and MG (Sox9 & Glast) (Figure 18). The inverse 
correlation between RPCs regulators and late born cell regulators/markers 
suggested the depletion of RPCs as they differentiated into late born cells. The 
immunocytochemical analyses corroborated the generation of late born cells in 
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the in vitro model using antibodies against regulators and markers of each cell 
type (Figure 19A). The immunocytochemical analysis also demonstrated the 
proportion of each late born cell types which was about 40% of RPs, 5% of BCs, 
and 10% of MG (Figure 19B). The specificity of this model system to generate 
late born retinal cells was corroborated by the lack of significant increase in the 
expression of markers, corresponding to the early born neurons, RGCs (Atoh7) 
and CPs (S-opsin) (Figure 20).  
Taken together, those observations demonstrated our in vitro model could enrich 
and differentiate RPCs efficiently and mimic the in vivo cell fate commitment of 
RPCs.  
 
C. Expression of miRNAs during RPCs differentiation  
 
To identify miRNAs involved in late retinal histogenesis, we examined the global 
expression profiles of miRNAs in three different stages of the in vitro model of 
late retinal histogenesis, differentiation day 0 (neurosphere stage), differentiation 
day 3 (intermediate stage), and differentiation day 6 (neurons/glia stage). Of the 
695 known rat miRNAs (Exiqon platform, miRBase version 19) examined in our 
study, 211 were observed to be expressed in our model system. The top 50 
miRNAs with the highest standard deviation were selected and heatmap was 
generated based on these miRNAs (Figure 21). Among 211 miRNAs, 168 
showed significant differences during differentiation process. The top 30 miRNAs 
with the most differential expression profiles (smallest p value) were identified 
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and showed in table 3. In our study, 55 miRNAs demonstrated at least 4-fold 
change in their expression, and 33 miRNAs showed at least 8-fold change during 
RPCs differentiation. The top 30 miRNAs with the most differential expression 
profiles (smallest p value) were identified. 
To validate our microarray results, four miRNAs from the top 50 miRNAs with the 
highest standard deviation were selected, which were let-7c, miR-17, miR-29, 
and miR-124. Expression patterns of selected miRNAs in the in vitro model of 
late retinal histogenesis, determined by qPCR analysis, corroborated our 
microarray results. In both analyses, the expression of let-7, miR-29, and miR-
124 were elevated and that of miR-17 reduced in our model system (Figure 22). 
 
D. Clusters analysis of miRNAs during RPCs differentiation 
 
To further understand the involvement of miRNAs in RPCs differentiation, we 
defined two differentiation stages, which were stage 1 (differentiation day 0 to 
day 3) and stage 2 (differentiation day 3 to day 6). All expressed miRNAs were 
classified into 9 clusters, based on their expression patterns in stage 1 and stage 
2 (Figure 23, Table 4). The profiles described by cluster C1 and C9 showed 
increasing and decreasing expression of miRNAs throughout the RPCs 
differentiation process, respectively. There were miRNAs, which expression 
levels remianed unchanged during differentiation (C5), while that of others 
remained midway during differentiation but increased/decreased through stage 2 
and stage 3 (C4/C6). 
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E. Functional categorization of miRNAs in cluster C1 and C9 
 
To further investigate the general roles of miRNAs in each clusters, we 
categorized those miRNAs using the information on the regulation of stem cells 
or stem cell like cancer cells (Table 5). Based on published reports, more than 
70% of cluster C1 contained miRNAs that were strongly related to the repression 
of proliferation; including let-7 family, miR-183/96/182 cluster, and miR-124 
family (Guo et al., 2014; Kao et al., 2014; Lin et al., 2014; Althoff et al., 2015; He 
et al., 2015; huang et al., 2015; Long et al., 2015; Ma et al., 2015; Shenoy et al., 
2015; Wang et al., 2015). Moreover, at least 9 miRNAs in cluster C1 were 
associated with anti-apoptosis function, which may protect newborn cells during 
RPCs differentiation (Ouyang et al., 2014; Yang et al., 2015; Roca-Alonso et al., 
2015; Wang et al., 2015; Zhao et al., 2015). There were 6 miRNAs might be 
involved in facilitating proliferation (e.g. miR-21, miR-300, miR-351) and 6 
miRNAs with unknown functions (Chen et al., 2012; Zhang et al., 2014; Xu et al., 
2015). 
In contrast, about 50% of cluster C9 included miRNAs that have been reported to 
promote proliferation in normal stem cells or cancer cells  (Table 6) (Liu et al., 
2010; Lin et al., 2011; Meenhuis et al., 2011; Shi et al., 2011; Chang et al., 2014; 
Du et al., 2014; Duan and Feng, 2014; Li et al., 2014; Zhao et al., 2014; Brock et 
al., 2015; Yan et al., 2015; Zhao et al., 2015). The rest of miRNAs in cluster C9 
(e.g. miR-7, miR-15/16, and miR-204) were linked to inducing apoptosis by 
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targeting pro-apoptosis genes such as BCL2 (Cimmino et al., 2005; Gao et al., 
2014; Tan et al., 2014; Shi et al., 2015). In addition, there were also about 17 
miRNAs that might function as proliferation inhibitors including let-7i and miR-9 
family. There were 6 miRNAs with unknown function and hence their roles in 




The results presented in this chapter demonstrated that a large number of 
miRNAs was expressed during late retinal histogenesis. Among those miRNAs, 
distinct expression profiles have been identified using miRNA microarray 
analyses, and about 80% of the retinal expressed miRNAs have been found to 
have significant changes in expression during differentiation process. 
We classified miRNAs expressed in the model of late retinal histogenesis into 9 
clusters by their expression patterns, and demonstrated the correlation of miRNA 
expression with their predicted function during retinal development. In cluster C1, 
in which the expression of miRNAs showed significant increase as differentiation 
progressed, majority of miRNAs were associated with proliferation repression 
and differentiation promotion. let-7, the focus of this dissertation, belongs to this 
cluster. Similarly, most of cluster C9 miRNAs were linked to facilitating the 
proliferation of stem cells or cancer cells. Together, this microarray analysis of 











Figure 14. The schematic representation of the late retinal histogenesis 
model. 
The late retinal RPCs are enriched as neurospheres from E18 rat retinal 
dissociates in neurosphere assay in the presence of FGF2. Neurospheres are 
subjected to differentiation condition as described in the method section. After 5 
days of differentiation, all three late born cells are generated, which can be 
detected using antibodies against specific cell type markers. 
 

















Figure 15. The RPCs enrichment and differentiation in the in vitro model. 
(A) E18 retinal dissociates were cultured in RCM with the presence of FGF2 and 
neurospheres were formed after 5DIV. (B) Neurospheres were collected and 
subjected to differentiation condition. The neuronal morphology of differentiated 













Figure 16. The enrichment of late RPCs in neurospheres. 
(A) Immunofluroscence analysis demonstrated that majority cells in 
neurospheres were BrdU+/Ki67+, Pax6+, and Rx+. Insets represent the 
magnification of cells with specific immunoactivities (arrowhead). (B) The 
enrichment of RPCs was confirmed with significant increase of Ki67, Pax6, and 
Rx expression in transcript levels in neurosphere cells versus E18 retinal 












Figure 17. The depletion of RPCs in differentiation condition. 
After 5 days in vitro (DIV) in differentiation condition, the levels of Ki67, Rx, and 
Pax6 transcripts reduced significantly, compared to neurosphere cells to that in 
the beginning of differentiation (A), following the trend of decreasing transcript 
levels in vivo during late retinal histogenesis (B). Data are mean±s.e.m. NS: 








Figure 18. The expression of transcripts corresponding to late born cell 
regulators/markers. 
(A) There was significant increase in transcripts corresponding to 
regulators/markers of RP, BC, MG in neurosphere cells versus controls. (B) A 
similar trend in increase in transcripts corresponding cell type specific 
regulators/markers was observed in vivo between cells obtained from E18 and 














Figure 19. The expression of cell-type specific immunoreactivities. 
(A) The generation of late born cells was examined by the expression of 
immunoreactivities corresponding to RPs (Recoverin & Rhodopsin), BCs (Chx10 
& PKC), and MG (Sox9 and Glast). (B) The proportions of late born cell types 
were determined by quantification of immunoreactivities positive cells. Data are 

















Figure 20. The generation of early born cells in the late retinal histogenesis 
model. 
No significant difference was observed in the expression levels of markers 
corresponding to early born cell, RGCs (Atoh7) and CPs (S-opsin), after 5DIV in 










Figure 21. The heat map of miRNA microarray. 
The heat map showed the result of the top 50 miRNAs with the highest standard 
deviation. Each row represents a specific miRNA and each column represents a 
sample. The color scale represents the relative expression levels of miRNAs (red 
color for expression levels below the reference channel, and green color for 




















Table 3. The identification of temporal differentially expressed miRNAs. 
The above table showed the top 30 differentially expressed miRNAs ranked by p-
values. The average of the most expressed groups (minimum and maximum) 




















Figure 22. The validation of microarray by qPCR analysis. 
The expression patterns of most differential expressed miRNAs in the late retinal 
histogenesis model were examined. The expression trends of all four miRNAs 

















Figure 23. The arrangement of miRNAs with specific expression patterns 
into clusters. 
Based on the expression profiles of miRNAs during RPCs differentiation, all 





n, number of members in the arranged cluster 
 






























The studies on the expression profiles of miRNAs in the in vitro model of rat 
retinal late histogenesis demonstrated their distinct stage-specific expression 
patterns, which suggested their important regulatory role in retinal development, 
particularly in the maintenance and differentiation of RPCs. Specific miRNAs 
have been identified in the stage-specific regulation of RPCs and the generation 
of different retinal cell types. Studies in Xenopus showed that miR-129, miR-155, 
miR-214, and miR-222, which have high expression levels in early stage of 
retinal development, were strongly related to the timing of bipolar cell (BCs) 
genesis by targeting Otx2 and Chx10 transcripts (Decembrini et al., 2009).  
The Dicer CKO in early retinal histogenesis identified three miRNAs (let-7, miR-9, 
and miR-125), which played a key role in the transition from early to late RPCs 
competence stats. Our miRNA microarray analysis revealed that, among those 
late RPCs regulatory miRNAs, let-7, which belonged to the top 30 differentially 
expressed miRNAs in late retinal histogenesis, showed the highest increase in 
the expression. It is also known that let-7, a heterochronic factors, may play a 
key role in controlling the proper timing of diverse development programs 
including the CNS and retinal development. Studies in NSCs suggested that let-7 
might be involved in promoting differentiation and modulating the neurogliogenic 
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decision (Zhao et al., 2010; Patterson et al., 2014). However, it is also reported 
that the neurogliogenic decision is made in a let-7 independent manner. Those 
conflicting information prompted us to investigate the involvement of let-7 and its 
up-stream regulators, Lin28a and Lin28b in late retinal histogenesis. The role of 
Lin28 in the context of retinal development is also linked to the proper timing of 
cell fate commitment of RPCs (La Torre et al., 2013). Recently, we demonstrated 
Hmga2, a target of let-7, played a key role in the self-renewal of RPCs 
(Parameswaranet al., 2014). Therefore, let-7 and Lin28 form one key axis in the 
regulation of stem cell fate commitment including Hmga2, Lin28-let-7-Hmga2. 
Before examining the involvement of this axis in the regulation of RPCs, we 
needed to determine the expression patterns of the axis components in retinal 
development.  
 
B. The temporal expression patterns of let-7 and Lin28 in developing retina 
 
To examine the involvement of let-7 and Lin28 in retinal histogenesis, we first 
examined the temporal expression patterns of the phenotype-specific markers of 
RPCs and late born cells against which, expression of let-7 and Lin28 was 
interpreted (Figure 24). During retinal development, particularly during late retinal 
histogenesis, levels of transcripts corresponding to Rx, Pax6, and Ki67 
decreased. In contrast, levels of transcripts corresponding to regulators of late 
born cells increased temporally, demonstrating an inverse correlation between 
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the depletion of RPCs as showed by decrease in the expression of RPC markers 
and differentiation of late born cells. 
Next, we examined the temporal expression patterns of the axis components 
(Figure 25). We tested the temporal expression patterns of let-7a, let-7b, and let-
7c, the most abundantly expressed let-7 family members in adult retina (Hackler 
et al., 2010; Karali et al., 2010). The onset of expression of let-7a, let-7b, and let-
7c was detectable from E14, E18, and E12, respectively. Afterwards, their 
expression levels increased steadily and reached the maximum levels in adult. 
For the upstream regulator Lin28, we observed high expression levels of Lin28a 
and Lin28b transcripts in E12. Their expression levels reduced significantly in 
E14 and kept decreasing as retinal histogenesis progressed. Hmga2, a let-7 
target, showed a similar expression trend as Lin28, that its levels decreased 
continuously as differentiation progressed.  
Together, our observation revealed that the expression of let-7 was positively 
and negatively correlated with that of late born cell markers and RPCs markers in 
late retinal histogenesis, respectively, suggesting the functional involvement of 
let-7 in regulating the cell fate commitment of RPCs. We also observed an 
inverse expression trends between let-7 and Lin28/Hmga2, which suggested the 






C. The spatial expression patterns Lin28 in developing retina 
 
To better understand correlation between Lin28/let-7 and RPCs regulators, we 
examined the spatial expression patterns of Lin28 and Hmga2 in the developing 
retina.  
We tried examination of the let-7 spatial expression by in situ hybridization, but 
we were unsuccessful after several tries. Therefore, we examined the expression 
of Hmga2, a bonafide target of let-7.  
Immunochemical analysis of E14 and E18 retina revealed Lin28a 
immunoreactivities to localized in NBL in BrdU+ cells, demonstrating the 
association of Lin28a with proliferation RPCs (Figure 26, 27).  As the 
differentiation came to completion, Lin28a immunoreactivities were detected in 
BrdU- cells in INL and GCL, suggesting a different function other than 
proliferation for Lin28a in postnatal retina (Figure 27).   
Similar spatial distribution of Hmga2+ cells were observed in E14 and E18 retina; 
Hmga2 immunoreactivities were co-localized with proliferating cells in the NBL, 
demonstrating their association with RPCs (Figure 28, 29). As retinal 
development progresses, less cells expression Hmga2 immunoreactivities were 
observed and these cells were no longer located in the entire NBL but only in the 
inner part of NBL since PN1 (Figure 29). Interestingly, we noticed a distinct 
expression pattern of Hmga2 different from Lin28 that Hmga2 was expressed 
lower in the central part of retina than periphery while Lin28 was constantly 
expressed in the whole retina (Figure 26, 28). The peripheral to central gradient 
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of Hmga2 immunoreactivities in the background of the fact that RPCs 
differentiation first in the periphery, suggests that Hmga2 is associated with the 
maintenance of RPCs. 
 
D. The expression patterns of let-7 and Lin28 in the in vitro late retinal 
histogenesis model 
 
To corroborate our in vivo observation, we examined the temporal expression 
patterns of let-7 and Lin28 in the in vitro model of late retinal histogenesis model 
(Figure 30). The expression patterns were determined by qPCR analysis. It was 
observed that the expression levels of let-7 family members, let-7a, let-7b, and 
let-7c, increased significantly during RPCs differentiation. In contrast, the 
expression levels of Lin28 and Hmga2 transcripts reduced during RPCs 
differentiation. Thus, the inverse trend of expression patterns between let-7 and 




The results presented here demonstrated reciprocal expression patterns of let-7 
and Lin28/Hmga2 in vivo and in vitro, revealing the existence of Lin28-let-7-
Hmga2 axis in retina. More importantly, the positive correlation of Lin28/Hmga2 
with RPCs/proliferation and let-7 with late born cell markers suggested the 






Figure 24. The temporal expression patterns of regulators of RPCs and late 
born cells. 
During the retinal development, the expression of transcripts corresponding to 
markers of RPCs (Rx & Pax6) and proliferation (Ki67) decreased (A), while that 








Figure 25. The temporal expression patterns of Lin28-let-7-Hmga2 axis 
components. 
During the retinal development, the expression of transcript corresponding to let-
7 family members increased (A), while that of Lin28 and Hmga2 decreased with 






Figure 26. The expression of Lin28a in developing rat retina. 
Immunochemical analyses revealed uniform distribution of Lin28a 
immunoreactivities in E14 (A) and E18 (B) retina, co-localized with BrdU+ cells. 











Figure 27. The spatial expression patterns of Lin28a in retinal development. 
Immunochemical analyses revealed uniform distribution of Lin28a 
immunoreactivities in developing retina, co-localized with BrdU+ cells at E14 and 
E18 in NBL, and localized in BrdU- cells at PN1 and AD in INL and RGC. Scale 








Figure 28. The expression of Hmga2 in developing rat retina. 
Immunochemical analyses revealed distinct distribution of Hmga2 
immunoreactivities in E14 (A) and E18 (B) retina, co-localized with BrdU+ cells. 
Different from Lin28a, Hmga2 had a higher expression in the periphery of retina, 














Figure 29. The temporal and spatial expression patterns of Hmga2 in retinal 
development. 
Immunochemical analyses revealed distinct distribution of Hmga2 
immunoreactivities in developing retina, co-localized with BrdU+ cells at E14 and 
E18 in NBL, and localized in BrdU- cells at PN1 and AD in INL and RGC. Scale 









Figure 30. The expression of Lin28-let-7-Hmga2 axis components in late 
retinal histogensis model. 
During RPCs differentiation, the expression of transcripts corresponding to let-7 
family members increased (A), while that of Lin28 and Hmga2 decreased 









As previously mentioned, in the context of NSCs, the studies on the involvement 
of let-7 led to conflicting results. The studies on mouse NSCs demonstrated that 
let-7 promoted differentiation of NSCs regardless of neuronal and glial lineages 
(Zhao et al., 2010). However, it was also reported that let-7 might be involved in 
neurogliogenic decision. For example, the over-expression of let-7 promoted the 
neuronal differentiation through targeting Abrupt (Ab) in the developing 
Drosophila brain. The inhibitory regulation of let-7 on Ab released the expression 
of FasII, an adhesion molecule that might be essential for neuronal differentiation 
and axon pathfinding, besides brain structure compartmentalization of 
Drosophila. In vertebrate, let-7 was observed to be involved in promoting 
gliogenesis (Cimadamore et al., 2013; Patterson et al., 2014). When let-7 was 
ectopically expressed in neural progenitors, it facilitated the generation of GFAP+ 
glial cells in cooperation with Notch signaling (Patterson et al., 2014). To address 
the controversial role of let-7 in neurogliogenesis, we examined its involvement 
during late retinal histogenesis, where late born neurons (RPs/BCs) and MG are 
generated by RPCs. We also examined whether or not that let-7 mediated 
neurogliogenesis involved Hmga2, which has been demonstrated to be an 
integral part of the molecular axis involving let-7, at least as observed in 
transformed cells (Lee and Dutta, 2007) 
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B. The involvement of let-7 in the differentiation of RPCs 
 
In order to address the involvement of let-7 in the regulation of RPCs, we used 
the lentiviral-based perturbation of function approach in the in vitro model of late 
retinal histogenesis. We chose to examine the involvement of let-7c in particular 
for two reasons: (1) let-7c is the most abundant let-7 family member expressed in 
the developing retina (Figure 24A, Figure 29A); (2) let-7c is the most differential 
expressed let-7 family member in terms of temporal range of the expression 
during retinal development (Figure 20, table 3). 
Both let-7 loss of function (LOF) and gain of function (GOF) approaches were 
used. Neurosphere cells were transduced with dual-promoter lentiviruses that 
expressed either let-7 shRNA+GFP (LOF group) or let-7+GFP (GOF group) 
(Figure 31A). The specific scramble control lentivirus constructs with GFP 
sequence were used for let-7 LOF and GOF approaches separately. Transduced 
neurospheres were cultured in differentiation conditions for 5 days in vitro (DIV). 
The efficiency of transduction, as measured by GFP+ cells through direct 
observation and fluorescent activated cell sorting (FACS), was about 80% 
(Figure 31B). FACS of infected cells showed a significant decease (~80%) in let-
7 levels in LOF neurosphere cells, compared to controls, suggesting the 
specificity of the LOF approach (Figure 31C). We observed that let-7c shRNA 
treatment significantly reduced the expression of let-7a and let-7b as well. This 
was expected given the perfect homology between the seed sequence and 
greater than 95% homology among the entire sequence by mature let-7 family 
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members. The expression of Lin28 and Hmga2 was also investigated (Figure 
32). The up-regulation of Lin28 and Hmga2 transcripts was observed, confirming 
their negative regulation by let-7.  
The differentiation of late born cells was examined by the expression of cell-type 
specific regulators and markers at mRNA and protein levels. The qPCR-based 
analyses demonstrated a significant decrease in the levels of transcripts 
cooresponding to the regulators and phenotype-specific markers of RPs 
(Nrl/Rhodopsin), BCs (NeuroD4/mGluR6), and MG (Sox9/Glast) in LOF group, 
compared to controls (Figure 33). To corroborate the differentiation at the levels 
of protein, transduced RPCs that had undergone differentiation were indentified 
by the co-expression of GFP and immunoreactivities corresponding to late born 
retinal cells (Figure 34). The quantification of identified cells were carried out, 
which showed a significant decrease in the proportion of GFP+ cells co-
expressing immunoreactivities corresponding to Recoverin/Rhodopsin (RPs), 
Chx10/PKC (BCs), and Sox/Glast (MG), compared to controls, indicating a 
inhibitory influence of let-7 LOF on the differentiation of late born cells (Figure 
35). However, we also observed that the quantification of differentiation in term of 
GFP+ cells revealed a higher proportion of MG, compared to RPs, contrary to the 
expectation of higher number of RPs in the in vivo and in vitro model. This 
discrepancy can be explained by the differential activities of CMV promoter, 
which drives GFP expression, in different cells types (MG>RPs). To resolve this, 
the quantification of differentiation in a GFP independent manner was carried out 
(Figure 36). The proportion of each late born cell types was significantly reduced 
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in LOF groups, compared to controls, which followed the same trend in the GFP 
dependent quantification (Figure 37). The number of RPs across the group was 
significantly higher than MG, which matched with the expectation.  
To exclude the possibility that the results we observed in vitro were due to culture 
conditions, we carried out let-7 LOF experiments in retinal explants, where cell-
cell interactions that influence RPCs maintenance and differentiation are 
maintained (Sparrow et al., 1990; Parameswaran et al., 2014) (Figure 38). 
Similar to in vitro results, the transduction of let-7 shRNA+GFP lentivirus reduced 
the expression of let-7 significantly (Figure 39A). We also observed a significant 
decrease in the levels of transcripts corresponding to regulators and phenotype-
specific markers of RPs (Nrl/Rhodopisn), BCs (NeuroD4/mGluR6), and MG 
(Sox9/Glast) in let-7 LOF groups, compared to controls (Figure 39B). The qPCR 
results were confirmed by a decrease of the proportion of cells expressing 
immunoreactivities characteristic of RPs, BCs, and MGs in both GFP dependent 
and GFP independent quantification of cell dissociates (Figure 40-42). Since both 
in vitro and ex vivo experiments showed that the GFP-dependent quantification 
of late born cells revealed a biased proportion of each late born cell types 
presumably due to differential cell-type specific activities of the CMV promoter, 
we did the GFP-independent quantification in all following studies. Together, 
these results demonstrated a repressive influence of let-7 LOF in the 
differentiation of late born cells revealing the positive correlation of let-7 with 
differentiation. 
Next, to test whether let-7 would facilitate the differentiation of late born cells, we 
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introduced the ectopic expression of let-7 in neurosphere cells through lentiviral-
based transduction and subjected transduced neurospheres to differentiation 
condition. Similar to let-7 LOF studies, the transduction efficiency of GOF 
approach, which was over 80%, was determined by measuring the GFP+ cells 
through direct observation and FACS analyses (Figure 43). FACS of transduced 
cells revealed more than 2 folds increase in the let-7 expression levels in let-7 
GOF group, compared to control, demonstrating the specificity of let-7 GOF 
approach. The down-regulation of Lin28 and Hmga2 transcripts was also 
observed after the ectopic expression of let-7 (Figure 44). 
To demonstrate the influence of let-7 GOF on the differentiation of RPCs, we 
examined the expression of regulators and markers corresponding to late bron 
cells at the mRNA and protein levels. We observed that the ectopic expression of 
let-7 promoted the expression of transcripts corresponding to regulators and 
phenotype-specific markers of RPs (Nrl/Rhodopisn), BCs (NeuroD4/mGluR6), 
and MG (Sox9/Glast), compared to controls (Figure 45). It is also shown that the 
ectopic expression of let-7 significantly facilitated the differentiation of all three 
late born cell types, determined by the quantification of cells expressing cell-type 
specific immunoreactivities corresponding to Recoverin/Rhodopsin (RPs), 
Chx10/PKC (BCs), and Sox/Glast (MG), compared to controls (Figure 46, 47).  
To exclude the possibility that our in vitro observation was due to culture 
conditions, let-7 GOF approach was carried out on E18 retinal explants . As 
abserved in vitro, the qPCR results revealed a significant increase in the levels of 
transcripts corresponding to regulators and markers corresponding to RPs, BCs, 
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and MG in let-7 GOF group, compared to controls  (Figure 48). The increase in 
the proportion of late born cell types including MG was observed by quantifying 
cells expressing cell-type specific immunoreactivities, confirming the positive 
influence of let-7 on differentiation in protein levels (Figure 49, 50). Together, 
these results demonstrated a significant involvement of let-7 in promoting the 
differentiation of RPCs into all three late born cell types, regardless of neuronal 
or glial lineage. 
 
C. The involvement of let-7 in the proliferation of RPCs 
 
To understand the mechanisms underlying let-7 influence on the late retinal 
histogenesis, we examined the expression patterns of regulators of cell cycle 
(Ki67&CCND1) in both let-7 LOF and GOF approaches in vitro (Figure 51). We 
observed an inverse correlation of the expression levels of let-7 with that of 
proliferation markers, which revealed that let-7 might facilitate late born cell 
differentiation by negatively regulating the maintenance of RPCs. Therefore, we 
carried out let-7 GOF approach in proliferation condition (RPCs enrichment 
phase), where they are maintained in an undifferentiated state (Figure 52). E18 
retinal dissociates were transduced with let-7 or control GFP lentiviruses and 
cultured in the presence of FGF2 for 5 days to generate neurospheres. The 
ectopic expression of let-7 repressed the generation of neurospheres was 
ascertained by the quantification of neurosphere numbers and size, compared to 
controls (Figure 53). We also observed a significant decrease in the expression 
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levels of transcripts corresponding to regulators of cell cycle and markers of 
RPCs in let-7 group, compared to controls (Figure 54). The immunofluorescence 
labeling of neurospheres against immunoreactitivies corresponding to RPCs 
specific marker Rx revealed weaker signals in let-7 GOF groups, compared to 
control (Figure 55). To confirm the influence of let-7 in context of maintenance of 
RPCs, we carried out side-population analysis. Side population analysis is a flow 
cytometry method to identify stem cells by their specific expression of ABCG2, a 
membrane-associated protein. The presence of ABCG2 in stem cells can efflux 
the DNA-binding dye Hoechst 33342, which allows their distinction from the rest 
cell types, which are saturated with the dye. We observed ~ 5-fold decrease in 
the number of RPCs in let-7 GOF function group, suggesting the depletion of 
RPCs population in the presence of ectopic expression of let-7 (Figure 56).  
Next, we examined the transcript expression of let-7 targets including Lin28, 
Hmga2, Imp1 and Tlx, which have been shown to promote the proliferation of 
stem cells. The qPCR analyses demonstrated that the transcript levels of all 
above let-7 targets decreased significantly in let-7 group, compared to control, 
indicating that let-7 might inhibit the maintenance of RPCs by targeting 
transcripts that facilitate proliferation of RPCs (Figure 57). 
Taken together, our observation suggests that let-7 may facilitate the 
differentiation of all three late born cell types, presumably through negatively 




D. let-7 regulates the cell fate commitment of RPCs through Hmga2 
 
Next, we examined the down-stream target of let-7 that is involved in the 
regulation of RPCs. Our lab has recently reported that Hmga2, one targets of let-
7, regulates the self-renewal of RPCs. That Hmga2 may be targeted by let-7 in 
RPCs in vivo (Figure 25) and in vitro (Figure 30). 
This premise was examined in proliferation condition (RPCs enrichment), where 
RPCs are maintained in an undifferentiated state with high levels of Hmga2 
expression (Parawmeswaran et al., 2014). We carried out experiments to know 
whether a “forced” maintenance of Hmga2 expression will rescue the effects of 
let-7 GOF approaches. 
Next, E18 retinal cells were divided into three groups based on lentivirus 
transduction: control group (scramble GFP lentivirus), let-7 group (let-7+GFP 
lentivirus), and let-7+ "Hmga2 group (let-7+GFP and "Hmga2+GFP lentiviruses) 
(Figure 59A). "Hmga2 retrovirus construct contains Hmga2 sequence devoid of 
3’ UTR that cantains the multiple let-7 target sites, thus making "Hmga2 
refractory to let-7-mediated inhibition (Figure 58) (Nishino et al., 2008). The 
transduced cells were cultured in the presence of FGF2 for 5 days to generate 
neurospheres. The restoration of Hmga2 level was observed in let-7+ "Hmga2 
group, compared to controls (Figure 59B). We also observed a significant 
decrease in the number and size of neurospheres in the let-7 group, compared to 
controls (Figure 60, 61). However, the negative influence of the ectopic 
expression of let-7 on neurosphere generation was abrogated in the presence of 
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stabilized Hmga2 ("Hmga2). A similar restorative effect of stabilized Hmga2 in 
the presence of let-7 was observed on the proliferative properties of RPCs. The 
qCPR results revealed that the ectopic expression of "Hmga2 in let-7 GOF 
condition compromised the negative effect of let-7 on the expression of 
transcripts corresponding to RPCs markers, Rx and Pax6, and cell cycler 
regulator, Ki67 (Figure 62). The recovery in the proportion of GFP+/Ki67+/Pax+ 
cells in "Hmga2 group, compared to let-7 GOF group, corroborated the results 
obtained by qPCR analysis (Figure 63, 64). We further examined the effects of 
functional perturbations on retinal side population (SP) cells, a RPCs phenotype, 
and observed ~2-fold decrease in their number in let-7 group, which was restored 
to that in control group in the presence of stabilized Hmga2 (Figure 65). In 
addition, we also examined the expression levels of known let-7 targets, which 
are involved in the proliferation and maintenance of neural progenitors, except 
Hmga2. These included Lin28, CCND1, Insulin-Like Growth Factor 2 mRNA 
Binding Protein 1 (Imp1) and Tlx (Figure 66). Imp1 is known to stabilize the 
expression of self-renewal genes, including Hmga2 (Nishino et al., 2013) and Tlx, 
an orphan nuclear receptor, regulates progenitor proliferation (Miyawaki et al., 
2004). We observed that the GOF of let-7 significantly decreased the levels of 
transcripts corresponding to Lin28, CCND1, Imp1 and Tlx, compared to controls. 
The inhibitory effect of let-7 on their expression was removed by the presence of 
stabilized Hmga2, exception Tlx, indicating that Tlx might not be involved in 
Hmga2 mediated proliferation of RPCs. Additionally, these results suggested that 
Hmga2 might be involved in regulation of these genes, particularly Lin28, thus 
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forming feed forward loop in the Lin28-let-7-Hmga2 axis (Figure 7). 
The remarkable inhibitory effects of let-7 on factors that maintained RPCs 
suggested that ectopic let-7 expression might shift the balance toward 
differentiation. To test this hypothesis, we examined the expression of markers of 
generic neurons and glia in neurospheres. A significant increase in transcripts 
corresponding to immature neuronal marker, Nfl, and glial marker, GFAP, was 
observed in the let-7 group, compared to controls (Figure 67). We also examined 
the expression of regulators of late born retinal cells corresponding to RPs (Nrl), 
BCs (NeuroD4), and MG (Sox9). We observed significant elevation in the 
expression of NeuroD4 and Sox9, but not that of Nrl (RPs) in let-7 group, 
compared to controls (Figure 68). The effects of let-7 on differentiation markers 
were abrogated in the presence of stabilized Hmga2. Together, these 
observations suggested that let-7 might promote the differentiation of RPCs by 




The results present in this chapter demonstrated that let-7 might act as a 
facilitator of general differentiation of late born retinal cells, promoting both 
neuronal and glial lineage. This is likely achieved by let-7 mediated inhibition of 










Figure 31. The validation of let-7 LOF approach in E18 rat retinal cells. 
(A) Neurosphere cells were transduced with lentivirus and subjected to 
differentiation for 5DIV. (B) The transduction efficiency was determined by direct 
observation. (C) E18 retinal dissociates infected by let-7 shRNA lentivirus had 





Figure 32. The expression of Lin28-let-7-Hmga2 axis components in let-7 
LOF approach in vitro. 
(A) let-7c shRNA treatment reduced the expression levels of let-7 family 
members significantly. (B) In contrast, Lin28 and Hmga2 transcript levels 
increased significantly in let-7 LOF group, compared to controls. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates with 10-12 






Figure 33. The expression of late born cell type specific regulators/markers 
in let-7 LOF approach in vitro. 
In let-7 LOF group, the expression of transcripts corresponding to late born cell 
regulators and phenotype-specific markers corresponding to RPs (Nrl& 
Rhodopsin), BCs (NeuroD4&mGluR6), and MG (Sox9&Glast) was significantly 
down-regulated, compared to control. Data are mean±s.e.m. Experiments were 



















Figure 34. The identification of infected cells co-expressing cell type 
specific regulators/markers in let-7 LOF approach in vitro. 
The transduced cells were identified by GFP expression. The differentiation of 
three late born cell types were determined by the expression of regulators and 















Figure 35. The GFP dependent quantification of late born cells in let-7 LOF 
approach in vitro. 
Quantification of GFP+ cells co-expressing cell type specific immunoreactivities 
showed that the proportion of all three late born cells, RPs 
(Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast) reduced 
significantly in let-7 LOF group, compared to controls. Data are mean±s.e.m. 
Experiments were carried out three times in triplicates with 10-12 E18 embryos 




















Figure 36. The expression of late born cell type-specific immunoreactivities 
in let-7 LOF approach in vitro. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). 
Fewer immunoreactivities positive cells were detected in experimental group 
versus controls. Scale bar, 50 !m. Experiments were carried out three times in 




















Figure 37. The GFP independent quantification of late born cells in let-7 
LOF approach in vitro. 
The proportion of cells expressing cell-type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) decreased significantly, compared to controls. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates with 10-12 

















Figure 38. The schematic representation of let-7 LOF approach ex vivo. 
E18 retinal explants were transduced with dual-promoter let-7 shRNA+GFP or 






Figure 39. The expression of late born cell type-specific regulators/markers 
in let-7 LOF approach ex vivo. 
The specificity of let-7 LOF in explants is determined by decrease in let-7 
expression, versus controls (A). There was a significant decrease in the 
expression of transcripts corresponding to phenotype-specific markers of RPs 
(Nrl&Rhodopsin), BCs (NeuroD4&mGluR6), and MG (Sox9&Glast) in LOF group, 
compared to controls. Data are mean±s.e.m. Experiments were carried out three 



















Figure 40. The immunofluorescence labeling of late born cells in let-7 LOF 
approach ex vivo. 
The immunofluorescence analysis of transduced explants in let-7 LOF approach 
revealed the laminar localization of cell-type specific immunoreactivities 
(Recoverin in ONL, Chx10 in INL, and Sox9 in INL) in let-7 LOF group, compared 
to controls. Insets represent GFP+ cells expressing cell type-specific 
immunoreactivities. Scale bar, 50 !m. Experiments were carried out three times 


















Figure 41. The GFP dependent quantification of late born cells in let-7 LOF 
approach ex vivo. 
Quantification of transduced retinal explant dissociates co-expressing cell type 
specific immunoreactivities showed that the proportion of all three late born cells 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) reduced significantly in let-7 LOF group, compared to control. Data 
are mean±s.e.m. Experiments were carried out three times in triplicates with 9 













Figure 42. The GFP independent quantification of late born cells in let-7 
LOF approach ex vivo. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities showed that the proportion of all three late born cells 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) reduced significantly in let-7 LOF group, compared to control. Data 
are mean±s.e.m. Experiments were carried out three times in triplicates with 9 




















Figure 43. The validation of let-7 GOF approach in E18 rat retinal cells. 
(A) The transduction efficiency of let-7 lentivirus was determined by direct 
observation. (B) E18 retinal dissociates infected by let-7 lentivirus demonstrated 












Figure 44. The expression of Lin28-let-7-Hmga2 axis components in let-7 
GOF approach in vitro. 
(A) Transduction of let-7c lentivirus significantly increased the expression of let-7 
family members, compared to controls. (B) In contrast, Lin28a, Lin28b, and 
Hmga2 transcript levels were significantly lower in let-7 GOF group, compared to 
controls. Data are mean±s.e.m. Experiments were carried out three times in 






Figure 45. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in let-7 GOF approach in vitro. 
In let-7 GOF group, the expression of transcripts corresponding to late born cell 
regulators and phenotype-specific markers of RPs (Nrl& Rhodopsin), BCs 
(NeuroD4&mGluR6), and MG (Sox9&Glast) was significantly increased (except 
Glast), compared to control. Data are mean±s.e.m. Experiments were carried out 






Figure 46. The expression of late born cell type-specific immunoreactivities 
in let-7 GOF approach in vitro. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). More 
immunoreactivities positive cells were observed in experimental group versus 
controls. Scale bar, 50 !m. Experiments were carried out three times in triplicates 













Figure 47. Quantification of late born cells in let-7 GOF approach in vitro. 
GFP independent quantification demonstrated a significant increase in the 
proportion of late born cells expressing cell type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) in let-7 GOF group, compared to controls. Data are mean±s.e.m. 
Experiments were carried out three times in triplicates with 10-12 E18 embryos 
















Figure 48. The expression of late born cell type-specific regulators/markers 
in let-7 GOF approach ex vivo. 
The specificity of let-7 GOF in explants is determined by increase in let-7 
expression, versus controls (A). There was a significant increase in the 
expression of transcripts corresponding to phenotype-specific markers of RPs 
(Nr2e3&Rhodopsin), BCs (NeuroD4&Chx10), and MG (Sox9&Glast) in LOF 
group (except Sox9), compared to controls. Data are mean±s.e.m. Experiments 














Figure 49. The immunofluorescence labeling of late born cells in let-7 GOF 
approach ex vivo. 
The immunofluorescence analysis of transduced explants in let-7 GOF approach 
revealed the laminar localization of cell-type specific immunoreactivities 
(Recoverin in ONL, Chx10 in INL, and Sox9 in INL) in let-7 GOF group, 
compared to controls. Scale bar, 50 !m. Experiments were carried out three 




















Figure 50. Quantification of late born cells in let-7 GOF approach ex vivo. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed a significant increase in the proportion of all 
three late born cells corresponding to RPs (Recoverin&Rhodopsion), BCs 
(Chx10&PKC), and MG (Sox9&Glast) in let-7 GOF group, compared to control. 
Data are mean±s.e.m. Experiments were carried out three times in triplicates 


















Figure 51. The expression of proliferation markers in let-7 
GOF/LOFapproach in vitro. 
The levels of transcripts corresponding to proliferation markers, Ki67 and cell 
cycler regulator CCND1 significantly decreased and increased in let-7 LOF and 
GOF groups, respectively, compared to control. Data are mean±s.e.m. 
Experiments were carried out three times in triplicates with 10-12 E18 embryos 




















Figure 52. The schematic representation of let-7 GOF approach in RPCs 
enrichment stage. 
To demonstrate the involvement of let-7 in the maintenance of late RPCs, let-7 
lentiviruses were transduced into E18 retinal dissociates. Transduced cells were 















Figure 53. The effect of let-7 GOF approach in vitro neurosphere 
generation. 
Neurospheres were generated after 5 DIV with the presence of FGF2. The 
neurospheres in control and let-7 groups were photographed (A). The ectopic 
expression of let-7 significantly reduced the neuropshere size and number, 
compared to control (B). Scale bar, 50 !m. Data are mean±s.e.m. Experiments 






















Figure 54. The effect of let-7 GOF on RPCs properties. 
(A) The ectopic expression of let-7 through lentiviral-based transduction was 
validated by qPCR analysis. (B) The expression of transcripts corresponding to 
both proliferation markers (CCND1&Ki67) and RPCs markers (Rx&Pax6) 
significantly decreased in let-7 GOF group, compared to control. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates with 10-12 

















Figure 55. The effect of let-7 GOF on RPCs properties. 
Neurospheres generated in control and let-7 groups were subjected to 






Figure 56. Side-population analysis of neurosphere dissociates in let-7 
GOF approach in vitro. 
Neurospheres generated in control and let-7 GOF groups were dissociated and 
subjected to side-population analysis. The gate of side population was 
determined by the verapamil control. There was a significant decrease in SP cell 
population in let-7 GOF groups, compared to controls. Experiments were carried 






















Figure 57. The expression of let-7’s targets in let-7 GOF approach in vitro. 
There was a significant decrease in the expression of transcripts corresponding 
to Lin28, Hmga2, Tlx, and Imp1 in let-7 GOF groups, compared to controls in 
enriched RPCs. Data are mean±s.e.m. Experiments were carried out three times 

















Figure 58. The influence of let-7 GOF on the expression of Hmga2 and 
"Hmga2. 
(A) let-7 GOF in RPCs led to significant decrease in Hmga2 transcript levels, 
compared to controls. (B) let-7 GOF did not have effect at "Hmga2 levels, 
compared to controls. Data are mean±s.e.m. Experiments were carried out two 

















Figure 59. The ectopic expression of "Hmga2 in the presence of let-7 in 
proliferation condition. 
(A) Schematic representation of strategy to stabilize the expression of Hmga2 
through ectopic expression of "Hmga2 in let-7 GOF approach in vitro in 
proliferation condition. (B) The quantification of stabilized "Hmga2 in the let-7 
GOF group. Data are mean±s.e.m. Experiments were carried out three times in 






Figure 60. The formation of neurospheres in the presence of stabilized 
Hmga2 in proliferation conditions. 
Neurospheres were generated after 5 DIV with the presence of FGF2. The 
neurospheres in control, let-7 and let-7+"Hmga2 groups were photographed. 
Stabilized Hmga2 groups demonstrated recovery of neurosphere formation, 
compared to let-7 GOF groups. Scale bar, 50 !m. Experiments were carried out 



















Figure 61. The enrichment of late RPCs in the presence of stabilized Hmga2 
in proliferation conditions. 
Neurospheres were generated after 5 DIV with the presence of FGF2. The 
ectopic expression of let-7 significantly reduced the neuropshere size and 
number, compared to control. The presence of stabilized Hmga2 abrogated the 
inhibitory influence of let-7 on neurosphre size and number. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates with 10-12 







Figure 62. Expression of RPCs and proliferation markers in the presence of 
stabilized Hmga2 in proliferation conditions. 
The ectopic expression of let-7 through lentiviral-based transduction significantly 
reduced the expression levels of Rx, Pax6, and Ki67, compared to controls. The 
presence of stabilized Hmga2 restored the expression levels of Rx, Pax6, and 
Ki67, compared to controls.  Data are mean±s.e.m. Experiments were carried out 














Figure 63. Immunofluorescence labeling of Pax6 and Ki67 in the presence 
of stabilized Hmga2 in proliferation conditions. 
Neurospheres generated in control, let-7, and let-7+"Hmga2 groups were 
subjected to immunocytochemical analysis to examine the expression levels of 
Pax6 and Ki67. GFP expression demonstrated the transduced neurosphere cells. 
Co-localizarion of Pax6&GFP and Ki67&GFP could be observed in neurospheres 
and neurosphere dissociates (arrowhead, insets). Scale bar, 50 !m. Experiments 











Figure 64. The GFP dependent quantification of late born cells in let-7 GOF 
approach in vitro. 
GFP dependent quantification demonstrated a significant decrease in the 
proportion of RPCs expressing specific immunoreactivities corresponding to 
Pax6 and Ki67 in let-7 GOF groups, compared to controls. The presence of 
stabilized Hmga2 abrogated the inhibitory influence of let-7 in the maintenance of 
RPCs. Data are mean±s.e.m. Experiments were carried out three times in 





Figure 65. Side-population analysis of neurosphere dissociates in the 
presence of let-7 and stabilized Hmga2 in proliferation conditions. 
Neurospheres generated in control, let-7 and let-7+"Hmga2 groups were 
dissociated and subjected to side-population analysis. The gate of side 
population was determined by the verapamil control. The population of SP cells 
that decreased in let-7 GOF groups was recovered in the presence of stabilized 
Hmga2. Experiments were carried out two times with 10-12 E18 embryos per 







Figure 66. The restoration of the expression of let-7’s target transcripts in 
the presence of stabilized Hmga2 in proliferation conditions. 
The ectopic expression of let-7 and "Hmga2, introduced by lentiviral-based 
transduction, was carried out on RPCs enrichment stage. The expression of 
transcripts corresponding to let-7’s targets CCND1, Imp1, Lin28b, and Tlx was 
examined, which showed a significant decrease in let-7 group, compared to 
control. The levels of expression of CCND1, Imp1, and Lin28b was restored in 
the presence of stabilized Hmga2. The expression of Tlx did not show any 
significant change, compared to let-7 group. Data are mean±s.e.m. Experiments 














Figure 67. Effects of stabilized Hmga2 on let-7 GOF mediated 
differentiation.  
The expression of transcripts corresponding to markers of generic neurons (Nfl) 
and glia (GFAP), which increased significantly in let-7 GOF groups, was 
compromised in the presence of stabilized Hmga2. Data are mean±s.e.m. 
Experiments were carried out three times in triplicates with 10-12 E18 embryos 













Figure 68. Effects of stabilized Hmga2 on let-7 GFP mediated 
differentiation.  
The expression of transcripts corresponding to phenotype specific 
regulators/markers of late born cells, which increased significantly in let-7 GOF 
groups, was compromised in the presence of stabilized Hmga2. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates with 10-12 






















The previous studies regarding the involvement of let-7, a heterochronic factor, in 
the regulation of RPCs demonstrated that let-7 might serve as a general 
facilitator of differentiation and have no influence on the cell fate specification of 
RPCs along the neuronal or glial lineages. Therefore, it was important to know 
whether Lin28, another heterichronic gene and up-stream regulator of let-7, could 
influence neurogliogenic decision. 
In mammalian system, two homologs of Lin28 were discovered, Lin28a and 
Lin28b. Interestingly, although both Lin28a and Lin28b could target and inhibit 
the expression levels of let-7, it was reported that Lin28a and Lin28b regulated 
the biogenesis of let-7 by different mechanisms: Lin28a recruited Zcchc111 to 
block the process of pre-let-7 in cytoplasm; while Lin28b inhibit the process of 
pri-let-7 in nucleus (Piskounava et al., 2011). These observations implied the 
possibility of distinct influences of Lin28a and Lin28b on cellular functions. 
Similar to let-7, multiple functions had been reported for Lin28 in CNS 
development. Although the double homozygous knockout of Lin28a and Lin28b 
(Lin28a-/-b-/-) led to early lethality, Lin28a-/- or Lin28a-/-Lin28b+/- mice could survive 
through development. In early development stage of mouse brain, the knockout 
of Lin28a led to decreased proliferation rate and smaller brain. More severe 
phonotype was observed in Lin28a-/-Lin28b+/- mice, suggesting that the function 
! ")"!
of Lin28 homologs overlapped in the context of NSCs self-renewal (Yang et al., 
2015).  
It was also demonstrated that both Lin28a and Lin28b might be involved in the 
neurogliogenic decision (Balzer et al., 2010). The over-expression of Lin28 
during the differentiation of P19 embryonic carcinoma cells suggested that Lin28 
might promote neurogenesis and inhibit gliogenesis in a let-7 independent 
manner. 
In the context of retinal development, the over-expression of Lin28b in E16 
mouse retina led to the retinal disorganization and failure of transition of RPCs 
from early to late state. However, the function of Lin28 in late retinal 
histogenesis, especially during neurogliogenesis remains poorly understood. 
Therefore, we examined the functional involvement of Lin28a and Lin28b during 
late retinal histogenesis to understand whether or not they participate in 
neurogliogenic decision within retina.  
 
B. The involvement of Lin28b in the regulation of RPCs 
 
We examined the influence of Lin28B during neurogliogenesis using LOF and 
GOF approaches. In the LOF approach, neurospheres were transduced with dual 
promoter lentivirus that expressed either Lin28b shRNA+GFP or GFP only and 
cultured in differentiation conditions for 5 DIV. The efficiency of transduction, 
determined by the quantification of GFP+ cells through direct observation and 
FACS analysis, was about 40-50%. The FACS sorting of transduced cells 
! ")#!
showed over 80% decrease in Lin28b transcript levels in Lin28b LOG group, 
compared to control, demonstrating the specificity of the LOF approach (Figure 
69).  
When we examined cells after 5 days of differentiation in vitro, the quantification 
of cells demonstrated no significant difference in the proportion of cells 
expressing immunoreactivities corresponding to RPs (Recoverin&Rhodopsion), 
BCs (Chx10&PKC), and MG (Sox9&Glast) (Figure 70, 71). qPCR results of these 
cells revealed no significant difference in the levels of transcripts corresponding 
to regulators of RPs (Nr), BCs (NeuroD4), and MG (Sox9), thus corroborating 
immunofluorescence results (Figure 72). However, levels of Rhodopsin and 
mGluR6 transcripts showed significant increase in contrast to 
immunofluorescence data. This may be due to increase in levels of let-7 in 
Lin28b knockdown conditions, which promotes the expression of transcripts 
corresponding to phenotypic markers of RPs and BCs in committed precursors.  
Results, obtained through neurosphere assay, were corroborated in E18 retinal 
explants, which simulates in vivo cell-cell interaction. Transduction of E18 retinal 
explants with Lin28b shRNA+GFP lentivirus did not show significant difference in 
the proportion of cells expressing cell type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) (Figure 73, 74).  qPCR results demonstrated a significant reduction 
in Lin28b transcripts, accompanied by no significant changes in levels of 
transcripts corresponding to regulators and markers of BCs (NeuroD4&mGluR6) 
and MG (Sox9&Glast) in Lin28b LOF groups, compared to controls (Figure 75). 
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Similar to in vitro studies, we also observed significant higher expression levels 
of Nrl and Rhodopsin transcripts in Lin28b shRNA groups, compared to controls.  
Since the expression levels of Lin28b at E18, the start point of rat late retinal 
histogenesis, are already low, it was expected that the GOF of Lin28b might 
generate more unambiguous results. Therefore, we carried out the Lin28b GOF 
approach through retroviral-based transduction. Different from lentivirus, 
retrovirus only transfect proliferation cells, which allowed us to target the dividing 
RPCs precisely. The GOF of Lin28b was first validated on 293T cells (Figure 76). 
293T cells were transduced with Lin28b retroviruses and un-infected 293T cells 
were removed using the selectable marker, puromycin. The levels of Lin28b 
transcript and protein were examined using qPCR and western-blotting analyses, 
respectively. In both analyses, it was observed that the Lin28b level increased 
significantly, which revealed the specificity of Lin28b retrovirus transduction.  
Next, we transduced neuropsheres with Lin28b retrovirus (=GOF group) or empty 
vector (=control group) and cultured in differentiation condition for 5DIV. The 
ectopic expression of Lin28b significantly reduced the proportions of all late born 
cell types, examined by the quantification of cells expressing immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) (Figure 77, 78). We also observe a significant decrease in the 
expression levels of transcripts corresponding to regulators and markers of RPs 
(Nrl& Rhodopsin), BCs (NeuroD4&mGluR6), and MG (Sox9&Glast) except 
NeuroD4 in Lin28b GOF groups, compared to control groups (Figure 79).  
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To avoid the possibility that our observations were due to culture conditions, the 
Lin28b GOF approach was carried out on E18 retinal explant to corroborate our 
in vitro observation. Retinal explants were transduced with retrovirus expression 
Lin28b or empty control and cultured 10 DIV on inserts. In Lin28b GOF groups, 
we observed a decrease in the proportion of cells expressing immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) (Figure 80, 81). qPCR results matched with our 
immunofluorescence results that the expression levels of transcripts 
corresponding to regulators and markers of all late born cell types were down-
regulated except mGluR6 in Lin28b GOF groups, compared to controls (Figure 
82). The Lin28b perturbation of function approaches revealed that Lin28b might 
negatively regulate the differentiation of RPCs. We needed to identify the 
potential mechanism of Lin28b on regulating differentiation. As Lin28 is a 
pluripotency promoting factor which promoted the proliferation of stem cells, we 
hypothesized that Lin28b regulated RPCs’ differentiation by controlling the 
maintenance of RPCs. Therefore, we carried out Lin28b GOF in proliferation 
conditions in the presence of FGF2. After 5DIV, neurospheres were observed 
(Figure 83). The quantification of neurosphere numbers showed a significant 
increase in Lin28b group, compared to controls, revealing that Lin28b GOF 
facilitated the formation of neurospheres. We next examined the expression 
levels of transcript corresponding to Lin28b and other proliferation regulators, 
CCND1, Imp1 and Hmga2 (Figure 84). In Lin28b GOF groups, a significant 
elevation of the expression levels of Lin28b, CCND1, Imp1, and Hmga2 
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transcripts was observed, compared to controls, which compared well with the 
increase of neurosphere number in Lin28b GOF condition. To confirm our 
finding, we used side-population analysis to determine the population of RPCs in 
neurosphere cells (figure 85). The side-population results revealed a 6 folds 
increase of the RPCs population in Lin28b GOF group, compared to control, 
suggesting the positive influence of Lin28b in the maintenance of RPCs. 
Taken together, our results suggested that Lin28b might negatively regulate the 
generation of all late born cell types by facilitating the maintenance and 
proliferation of RPCs. 
 
C. The involvement of Lin28a in the regulation of RPCs 
 
Our previous studies demonstrated that Lin28b and let-7 might not be involved in 
neurogliogenic decision in late retinal histogenesis. Therefore, we examined the 
role of Lin28a in the context of late RPCs regulation. 
Same as previous studies, the LOF of Lin28a was carried out on the in vitro 
model of late retinal histogenesis first. Neurospheres were transduced with dual 
promoter lentivirus that expressed Lin28a shRNA+GFP (=LOG group) and GFP 
only (=control group). Transduced neurospheres were cultured in differentiation 
conditions for 5DIV. The transduction efficiency was determined by the 
quantification of GFP+ cells through direct observation and FACS analysis, which 
revealed a 40-50% transduction rate in E18 retinal dissociates. Transduced cells 
were sorted out by GFP expression, which revealed significant lower levels of 
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Lin28a transcripts (over 50%) in Lin28a LOF group, compared to control, 
demonstrating the specificity of the LOF approach (Figure 86). 
To examine the differentiation of late born cells, we quantified cells expressing 
immunoreactivities corresponding to Recoverin/Rhodopsin (RPs), Chx10/PKC 
(BCs), and Sox/Glast (Figure 87). Unlike Lin28b, we observed a decrease in the 
proportion of RPs and BCs and an increase in that of MG (Figure 88). Similar 
results were observed when we examined the expression levels of transcripts 
corresponding to regulators and markers of RPs (Nrl&Rhodopsin), BCs 
(NeuroD4&Chx10), and MG (Sox9&Glast) (Figure 89). The LOF of Lin28a down-
regulated the transcripts of RPs and BCs specific regulators and markers, but 
promoted that of Sox9 and Glast, regulator and marker of MG.  
Next, we examined the influence of Lin28a LOF on E18 retinal explants. After the 
transduction of Lin28a shRNA, we first quantified cells expressing 
immunoreactivities corresponding to Recoverin/Rhodopsin (RPs), Chx10/PKC 
(BCs), and Sox/Glast (MG). We observed that the proportion of RP and BS was 
significantly lower, compared to MG in Lin28a LOF groups, versus controls 
(Figure 90, 91). Results obtained by immunocytochemical analysis were 
corroborated by qPCR analysis when levels of transcripts corresponding to 
markers of RPs and BCs were lower than that of MG in Lin28a LOF groups, 
versus controls (Figure 92). 
The Lin28a LOF approach revealed that Lin28a might be involved in the 
neurogliogensis by regulating the commitment of neuronal lineage positively and 
glial lineages negatively. To corroborate our results of Lin28a LOF, we next 
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performed Lin28a GOF using Lin28a retrovirus. The validation of Lin28a GOF 
was carried out on 293T cells.  293T cells were transduced with Lin28a (=GOF 
group) or empty vector (=control group). The transduced 293T cells were 
selected using Neomycin, the selectable marker. We observed a ~10 folds 
increase of Lin28a transcripts and protein in Lin28a group, compared to controls, 
suggesting the specificity of Lin28a GOF approach (Figure 93). 
The Lin28a GOF was first performed in the in vitro model of late retinal 
histogenesis. The quantification of cells expressing immunoreactivities 
corresponding to Recoverin/Rhodopsin (RPs), Chx10/PKC (BCs), and Sox/Glast 
(MG) demonstrated that Lin28a GOF inhibited the differentiation of RPs and MG 
as ascertained by a decrease in the proportion of RPs and MG, but promoted 
that of BCs (Figure 94, 95). The ectopic expression of Lin8a also promoted the 
expression of NeuroD4 and mGluR6 transcripts and repressed that of Sox9 
transcripts, which corroborated with Lin28a LOF results that Lin28a promoted 
neuronal differentiation and inhibited glial differentiation (Figure 96). However, we 
observed that Nrl and Rhodopsin transcripts showed significant decreases in 
Lin28a GOF group, compared to controls. This result may be due to the 
decrease of let-7 expression in Lin28 GFP, which blocks or delays the maturation 
of RPs. 
We observed an increase and decrease in the proportion of cells expressing 
immunoreactivities corresponding to BCs and MG in Lin28a GOF groups, 
compared to controls. Hence, these expressing RPs markers were decreased, 
compared to controls. This trend of decreased RPs differentiation in Lin28a GOF 
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group was observed by qPCR analysis, when transcripts corresponding to Nrl 
and Rhodopsin were significantly decreased, compared to controls. Therefore, 
where Lin28a clearly affected the neurogliogenic decision in context of BCs and 
MG, its role in RPs differentiation was enigmatic, which was examined in explant 
culture. 
Lin28a GOF in explants revealed exactly the same results when examined by 
immunocytochemical and qPCR analyses: while Lin28a promoted RPCs 
differentiation into BCs, it repressed their differentiation along the RP and MG 
lineages. 
These studies pointed out that Lin28a might be a key regulator in 
neurogliogenesis, regulating cell-fate commitment of RPCs into different 
lineages. We further examined this premise in Lin28a GOF approach in explants 
obtained from PN3 retinas where most of RPCs have been specified into RPs 
and decision regarding BCs versus MG still ongoing. This would allow 
determination of the role of Lin28a on neurogliogenic decision without the 
involvement of RPs. Both immunocytochemical (Figure 100, 101) and qPCR 
(Figure 102) analyses revealed that the differentiation of RPCs along BC and MG 
lineages increased and decreased in Lin28a GOF groups, compared to controls, 
respectively. To further corroborated with specificity of Lin2a influence on 
neurogliogenic decision, identical experiment was carried out with Lin28b GOF 
approach in PN3 retinal explants; as expected, the differentiation of BCs and MG 
was decreased in Lin28b groups, versus controls as ascertained by both 
immunocytochemical (Figure 103, 104) and qPCR analyese (Figure 105). 
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Next, we examined why RP differentiation was compromised, where that of BCs 
was promoted in Lin28a GOF approach. We hypothesized that this reflected 
different levels of Lin28a expression in neuronal and glial precursors. To test this 
hypothesis, we carried out double immunohistochemical analysis to detect 
photoreceptor (Crx)/BC (Chx10)/MG (Sox9) precursors expressing Lin28a at E18 
(Figure 106-108), PN1 (Figure 106), PN3 (Figure 107), and PN5 (Figure 108) 
retinas: following observations were noted. 
(1) Photoreceptor precursors (Crx+/Lin28a+) were detected in E18 retina, while 
proportion decreased by PN1. (2) BC precursor (Chx10+/Lin28a+) were first 
detected in E18 retina and persisted till PN3. (3) MG precursors (Sox9+/Lin28a+) 
were detected in PN3 and PN5 with feeble expression of Lin28a. The expression 
levels of Lin28a in these precursors as ascertained by intensity of the signal were 
photoreceptor>BCs>MG.  
Based on these observations, we hypothesized that further enhancement of 
Lin28a expression in photoreceptor precursors shift the balance towards 
maintenance and compromised their differentiation. If this premise was correct, 
then Lin28a GOF followed by let-7 GOF should promote the differentiation of 
photoreceptor precursors, thus increasing the proportion of RPs, while MG 
precursors, because of the presence of Lin28a, would remain inhibited (Figure 
109). The quantification of cells expressing immunoreactivities corresponding to 
cell type specific markers of RPs (Recoverin), BCs (Chx10), and MG (Sox9) 
showed an increase in the proportion of RPs and BCs, and a decrease in that of 
MG (Figure 110). The GOF of Lin28a following with let-7 GOF also up-regulated 
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the expression of transcripts corresponding to markers of RPs (Rhodopsin) and 
BCs (mGluR6), but not that of MG (Glast) (Figure 111). Together, these results 
suggested that relative expression levels of Lin28a confer on precursor 
populations the differential protential to become neurons or glia.  
To test this premise further, we carried out Lin28a LOF experiments during early 
stage of histogenesis, where RPCsare competent to give rise to early born 
neurons. If neuronal differentiation is confered by Lin28a, then its inhibition 
should promote premature gliogenesis. Therefore, we carried out the Lin28a LOF 
approach in the in vitro model of early retinal histogenesis. We first did 
immunofluorescence labeling against cell type specific immunoreactivities 
corresponding to Brn3b (RGCs) and Glast (MG) (Figure 112A). The 
quantification of cells expressing Brn3b and Glast showed a significant decrease 
and increase in the proportion of RGCs and MG, respectively, in Lin28a LOF 
group, compared to controls (Figure 112B).  
We corroborated our immunofluorescence results with qPCR analysis, that 
Lin28a knockdown significantly decreased the expression levels of transcripts 
corresponding to the markers of RGCs (Atoh7) and CPs (S-opsin) (Figure 113B). 
In contrast, the expression of transcript corresponding to the specific marker of 
MG, Cralbp, was significantly increase in Lin28a LOF conditions (Figure 113C).  
Together, our results indicated that Lin28a, the heterochronic genes discovered 






The results presented in this chapter demonstrated that the two homologs of 
Lin28, Lin28a and Lin28b, might have distinct roles in the regulation of RPCs.  
Lin28b, which expression suddenly declines during late histogenesis with the 
depletion of RPCs, acts toward their maintenance. Therefore, inhibition of Liin28b 
expression compromises RPCs maintenance and promotes their differentiation. 
Lin28a, whose expression is maintained during late histogeneis, albeit at low 
levels, in addition to RPCs maintenance, is important in regulating 




















Figure 69. The validation of Lin28b LOF in E18 rat retinal cells. 
E18 retinal dissociates infected with Lin28b shRNA lentivirus demonstrated a 
significant reduction in the transcript expression level of Lin28b, compared to 













Figure 70. The expression of immunoreactivities corresponding to late born 
cell type-specific in Lin28b LOF approach in vitro. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). No 
significant change could be observed by direct observation in Lin28b LOF group, 
compared to controls. Scale bar, 50 !m. Experiments were carried out three 









Figure 71. Quantification of late born cells in Lin28b LOF approach in vitro. 
Quantification of late born cells expressing cell type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) revealed no difference in the proportion of late born cells in Lin28b 
LOF group, compared to controls. Data are mean±s.e.m. Experiments were 

















Figure 72. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in Lin28b LOF approach in vitro. 
In Lin28b LOF group, the expression of transcripts corresponding to most of late 
born cell regulators and phenotype-specific markers of RPs (Nrl& Rhodopsin), 
BCs (NeuroD4&mGluR6), and MG (Sox9&Glast) did not show significant 
changes in transcript levels except Rhodopsin and mGluR6, compared to control. 
Data are mean±s.e.m. Experiments were carried out three times in triplicates 




















Figure 73. The immunofluorescence analysis of late born cells in Lin28b 
LOF approach ex vivo. 
The immunofluorescence analysis of transduced explants in Lin28b LOF 
approach revealed the laminar localization of cell-type specific 
immunoreactivities (Recoverin in ONL, Chx10 in INL, and Sox9 in INL). No 
significant change in the number of all three types was observed in Lin28b LOF 
group, compared to controls. Scale bar, 50 !m. Experiments were carried out 

















Figure 74. Quantification of late born cells in ex vivo Lin28b LOF approach. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed that the proportion of all three late born cells 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) did not change significantly in let-7 LOF group (except Sox9+ cells), 
compared to control. Data are mean±s.e.m. Experiments were carried out three 























Figure 75. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in ex vivo Lin28b LOF approach. 
(A) The specificity of Lin28b LOF approach is demonstrated by decrease in 
Lin28b transcript levels, compared to controls (B) In Lin28b LOF group, the 
expression of late born cell regulators and phenotype-specific markers 
corresponding BCs (NeuroD4&mGluR6) and MG (Sox9) did not show 
significantly changes, while that of regulators and phenotype-specific markers for 
RPs (Nrl&Rhodopsin) and MG (Glast) was promoted in transcript levels, 
compared to controls. Data are mean±s.e.m. Experiments were carried out three 










Figure 76. The validation of Lin28b GOF in 293T cells. 
(A) The transcript expression of Lin28b was promoted in Lin28b GOF group, 
compared to control. (B) Western analysis revealed ~25kb immunoreactivities 
band in lysate obtained from Lin28b retrovirus transduced cells. No Band was 
detected in control cell lysate. (C) Quantification of western analysis. Data are 
mean±s.e.m. Experiments were carried out three times in triplicates on 293T 




















Figure 77. Expression of immunoreactivities corresponding to late born cell 
in Lin28b GOF approach in vitro. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). Less 
late born cells were observed in Lin28b GOF group, compared to controls. Scale 
bar, 50 !m. Experiments were carried out three times in triplicates with 10-12 





Figure 78. Quantification of late born cells in Lin28b GOF approach in vitro. 
Quantification of late born cells expressing cell type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) demonstrated a significant decrease in their proportion in Lin28b 
GOF group, compared to controls. Data are mean±s.e.m. Experiments were 








Figure 79. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in Lin28b GOF approach in vitro. 
(A) In Lin28b GOF group, the expression of Lin28b increased significantly in the 
transcript level, compared to control. (B) The expression of transcripts 
corresponding to late born cell regulators and phenotype-specific markers of RPs 
(Nrl&Rhodopsin), BCs (NeuroD4&mGluR6), and MG (Cralbp&Glast) was 
significantly down-regulated (except NeuroD4) in transcript levels, compared to 
control. Data are mean±s.e.m. Experiments were carried out three times in 










Figure 80. The immunofluorescence analysis of late born cells in ex vivo 
Lin28b LOF approach. 
The immunofluorescence labeling of transduced explants in Lin28b GOF 
approach revealed the laminar localization of cell type specific immunoreactivities 
(Recoverin in ONL, Chx10 in INL, and Sox9 in INL). A general decrease of the 
number of late born cells was observed in Lin28b GOF group, compared to 
controls. Scale bar, 50 !m. Experiments were carried out three times in triplicates 








Figure 81. Quantification of late born cells in ex vivo Lin28b GOF approach. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed a significant decrease in the proportion of all 
three late born cells corresponding to RPs (Recoverin&Rhodopsion), BCs 
(Chx10&PKC), and MG (Sox9&Glast) in Lin28b GOF group, compared to control. 
Data are mean±s.e.m. Experiments were carried out three times in triplicates 




















Figure 82. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in ex vivo Lin28b GOF approach. 
(A) In Lin28b GOF group, the expression of Lin28b was significantly promoted, 
compared to control. (B) The expression of late born cell regulators and 
phenotype-specific markers corresponding to RPs (Nrl& Rhodopsin), BCs 
(NeuroD4&mGluR6), and MG (Sox9&Glast) was significantly down-regulated 
except mGluR6 in transcript levels, compared to control. Data are mean±s.e.m. 
Experiments were carried out three times in triplicates with 9 E18 retinas per 















Figure 83. The effect of Lin28b GOF approach on neurosphere formation. 
E18 retinal dissociates were transduced with Lin28b retrovirus and subjected to 
proliferation condition with the presence of FGF2. (A) The formation of 
neurospheres was observed after culturing 5DIV. (B) The number of 
neurospheres and the size of neurospheres were quantified, and more 
neurospheres were observed in Lin28b GOF group, compared to controls. Scale 
bar, 100 !m. Data are mean±s.e.m. Experiments were carried out three times in 











Figure 84. Expression of transcripts corresponding to proliferation 
regulators of RPCs in Lin28b GOF approach. 
(A) In Lin28b GOF group, the expression of Lin28b was significantly elevated in 
transcript levels, compared to control. (B) Lin28b GOF promoted the transcript 
expression of cell cycle regulator, CCND1, compared to controls. (C) Lin28b 
GOF promoted the transcript expression of proliferation regulators, Imp1 and 
Hmga2, compared to controls. Data are mean±s.e.m. Experiments were carried 










Figure 85. Side-population analysis of neurosphere dissociates in Lin28b 
GOF approach. 
Neurospheres generated in control and Lin28b GOF groups were dissociated 
and subjected to side-population analysis. The gate of side population was 
determined by the verapamil and PI control. The percentage indicated the 
proportion of late RPCs, filtered by the gate, in the entire neurosphere 
dissociates population. Experiments were carried out three times in triplicates 

























Figure 86. The validation of Lin28a LOF in E18 rat retinal cells. 
E18 retinal dissociates infected by Lin28a shRNA lentivirus showed a significant 
lower level of let-7 expression, compared to control. Data are mean±s.e.m. 
Experiments were carried out two times in triplicates with 10-12 E18 embryos per 





Figure 87. Expression of immunoreactivities corresponding to late born cell 
in Lin28a LOF approach in vitro. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). Less 
RPs and BCs but more MG were observed in Lin28a LOF group, compared to 
controls. Scale bar, 50 !m. Experiments were carried out three times in triplicates 







Figure 88. Quantification of late born cells in Lin28a LOF approach in vitro. 
Quantification of differentiated RPCs was determined by the expression of cell 
type specific immunoreactivities, which showed a significant decrease in the 
proportion of RPs (Recoverin&Rhodopsion) and BCs (Chx10&PKC), and a 
significant increase in the proportion of MG (Sox9&Glast) in Lin28a LOF group, 
compared to controls. Data are mean±s.e.m. Experiments were carried out three 







Figure 89. Expression of transcripts corresponding to late born cell type 
specific regulators/markers in Lin28a LOF approach in vitro. 
Lin28a LOF decreased the transcript expression corresponding to late born cell 
regulators and phenotype-specific markers of RPs (Nrl& Rhodopsin), BCs 
(NeuroD4&mGluR6), and increased that of MG (Sox9&Glast), compared to 
control. Data are mean±s.e.m. Experiments were carried out three times in 








Figure 90. The immunofluorescence analysis of late born cells in ex vivo 
Lin28a LOF approach. 
The immunofluorescence labeling of transduced explants in Lin28a LOF 
approach revealed the laminar localization of cell-type specific 
immunoreactivities (Recoverin in ONL, Chx10 in INL, and Sox9 in INL), which 
showed decreases and increase of the number of neurons (RPs&BCs) and glia 
(MG) in Lin28a LOF group, respectively, compared to controls. Scale bar, 50 !m. 
Experiments were carried out three times in triplicates with 9 E18 retinas per 







Figure 91. Quantification of late born cells in ex vivo Lin28a LOF approach. 
Quantification of transduced retinal explant dissociates co-expressing cell type 
specific immunoreactivities showed that the proportion of RPs 
(Recoverin&Rhodopsion) and BCs (Chx10&PKC) decreased, and that of MG 
(Sox9&Glast) increased significantly in Lin28a LOF group, compared to control. 
Data are mean±s.e.m. Experiments were carried out three times in triplicates 
























Figure 92. Expression of transcripts corresponding to late born cell type- 
specific regulators/markers in ex vivo Lin28a LOF approach. 
In Lin28a LOF group, the expression of Lin28a (A) reduced significantly, 
compared to controls. (B) Lin28a LOF decreased the transcript expression 
corresponding to late born cell regulators and phenotype-specific markers of RPs 
(Nrl& Rhodopsin) and BCs (NeuroD4&mGluR6), and increased that of MG 
(Sox9&Glast), compared to control. Data are mean±s.e.m. Experiments were 













Figure 93. The validation of Lin28a GOF on 293T cells. 
(A) The transcript expression of Lin28a was promoted in Lin28a GOF group, 
compared to control. (B) Western analysis revealed ~25kb immunoreactivities 
band in lysate obtained from Lin28a retrovirus transduced cells. No Band was 
detected in control cell lysate. (C) Quantification of western analysis. Data are 
mean±s.e.m. Data are mean±s.e.m. Experiments were carried out two times in 







Figure 94. The expression of immunoreactivities corresponding to late born 
cell in Lin28a GOF approach. 
After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). More 
BCs and less RPs and MG were observed in Lin28a GOF group, compared to 
controls. Scale bar, 50 !m. Experiments were carried out three times in triplicates 








Figure 95. Quantification of late born cells in Lin28a GOF approach in vitro. 
Quantification of late born cells expressing cell type specific immunoreactivities 
corresponding to RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG 
(Sox9&Glast) demonstrated a significant increase and decrease in the proportion 
of BCs and RPs/MG in Lin28a GOF group, respectively, compared to controls. 
Data are mean±s.e.m. Experiments were carried out three times in triplicates 







Figure 96. The expression of transcripts corresponding to late born cell 
type specific regulators/markers in Lin28a GOF approach in vitro. 
In Lin28a GOF group, the expression of transcripts corresponding to late born 
cell regulators and phenotype-specific markers of RPs (Nrl& Rhodopsin) and MG 
(Sox9) was significantly down-regulated, and that of BCs (NeuroD4&mGluR6) 
was promoted, compared to control. Data are mean±s.e.m. Experiments were 








Figure 97. The immunofluorescence analysis of late born cells in ex vivo 
Lin28a GOF approach. 
The immunofluorescence labeling of transduced explants in Lin28a GOF 
approach revealed the laminar localization of cell-type specific 
immunoreactivities (Recoverin in ONL, Chx10 in INL, and Sox9 in INL). Scale 
bar, 50 !m. Experiments were carried out three times in triplicates with 9 E18 






Figure 98. Quantification of late born cells in ex vivo Lin28a GOF approach. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed a significant decrease in the proportion of all 
three late born cells corresponding to RPs (Recoverin&Rhodopsion) and MG 
(Sox9&Glast) in Lin28a GOF group, compared to control. No change was 
observed in the proportion of BCs between Lin28a GOF group and control. Data 
are mean±s.e.m. Experiments were carried out three times in triplicates with 9 







Figure 99. Expression of transcripts corresponding to late born cell type- 
specific regulators/markers in ex vivo Lin28a GOF approach. 
(A) In Lin28a GOF group, the expression of Lin28a was significantly promoted in 
transcript levels, compared to controls. (B) Lin28a GOF facilitated the transcript 
expression of regulator and phenotype-specific marker of BCs 
(NeuroD4&Chx10), and inhibited that of RPs (Nrl&Rhodopsin) and MG (Sox9) 
significantly, compared to controls. Data are mean±s.e.m. Experiments were 









Figure 100. The immunofluorescence analysis of late born cells in Lin28a 
GOF approach in PN3 retinal explants. 
The immunofluorescence labeling of cell type specific markers of BCs (Chx10) 
and MG (Sox9) was performed on transduced PN3 retinal explants to determine 
the generation of late born cell types in Lin28a LOF approach. The laminar 
localization of cell type specific immunoreactivities (Recoverin in ONL, Chx10 in 
INL, and Sox9 in INL) was identified. Scale bar, 50 !m. Experiments were carried 
























Figure 101. Quantification of late born cells in Lin28a GOF approach on 
PN3 retinal explants. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed significant increase and decrease in the 
proportion of all BCs (Chx10) and MG (Sox9) in Lin28a GOF group, respectively, 
compared to control. Data are mean±s.e.m. Experiments were carried out three 















Figure 102. Expression of transcripts corresponding to late born cell type- 
specific regulators/markers in Lin28a GOF approach in PN3 retinal 
explants. 
(A) In Lin28a GOF group, the expression of Lin28a was significantly promoted, 
compared to control. (B) The expression of transcripts corresponding to late born 
cell regulators and markers of BCs (NeuroD4&Chx10) and MG (Sox9&Glast) 
showed significantly increase and decrease in Lin28a GOF group, respectively, 
compared to controls. Data are mean±s.e.m. Experiments were carried out three 






Figure 103. The immunofluorescence labeling of late born cells in Lin28b 
GOF approach in PN3 retinal explants. 
The immunofluorescence labeling of cell type specific markers of BCs (Chx10) 
and MG (Sox9) was performed on transduced PN3 retinal explants to determine 
the generation of late born cell types in Lin28b GOF approach. The laminar 
localization of cell type specific immunoreactivities (Recoverin in ONL, Chx10 in 
INL, and Sox9 in INL) was identified. Scale bar, 50 !m. Experiments were carried 













Figure 104. Quantification of late born cells in Lin28b GOF approach in PN3 
retinal explants. 
Quantification of late born cells in retinal explant dissociates expressing cell type 
specific immunoreactivities revealed a significant decrease in the proportion of 
BCs (Chx10&PKC) and MG (Sox9&Glast) in Lin28b GOF group, compared to 
control. Data are mean±s.e.m. Experiments were carried out three times in 






Figure 105. Expression of transcripts corresponding to late born cell type- 
specific regulators/markers in Lin28b GOF approach on PN3 retinal 
explants. 
(A) In Lin28b GOF group, the expression of Lin28b was significantly promoted, 
compared to control. (B) The expression of transcripts corresponding to late born 
cell regulators and markers of BCs (NeuroD4&Chx10) and MG (Sox9&Glast) 
showed significantly decrease in Lin28b GOF group, compared to controls. Data 
are mean±s.e.m. Experiments were carried out three times in triplicates with 9 







Figure 106. The immunofluorescence analysis of Lin28a and Crx in 
developing retina. 
(A) The immunofluorescence labeling of Lin28a and Crx on E18 rat retinal 
section revealed that Lin28a was expressed in Crx+ RPs precursors at E18 
stage. (B) At PN1 stage, the co-expression of Lin28a and Crx could not be 







Figure 107. The immunofluorescence labeling of Lin28a and Chx10 in 
developing retina. 
(A) The immunofluorescence labeling of Lin28a and Chx10 on E18 rat retinal 
section showed that Lin28a was expressed in Chx10+ BCs precursors at E18 
stage. (B) At PN3 stage, the co-expression of Lin28a and Chx10 could still be 








Figure 108. The immunofluorescence labeling of Lin28a and Sox9 in 
developing retina. 
(A) The immunofluorescence labeling of Lin28a and Sox9 on E18 rat retinal 
section showed that Sox9 was not detectable in E18 stage when Lin28 
expression was relatively high. (B) At PN5 stage, the co-expression of Lin28a 

















Figure 109. The schematic representation of Lin28a&let-7 GOF approach in 
the in vitro model of late retinal histogenesis. 
To demonstrate that Lin28a plays important role in the generation of RPs, let-7 
lentiviruses were transduced one day after the transduction of Lin28a retrovirus 
into neurospheres. Transduced neurospheres were cultured 5DIV in the 
















Figure 110. Expression and quantification of late born cell type-specific 
immunoreactivities in differentiated RPCs in Lin28b&let-7 GOF approach. 
(A) After 5DIV in differentiation condition, late born cells were identified by the 
expression of late born cell type-specific immunoreactivities corresponding to 
RPs (Recoverin&Rhodopsion), BCs (Chx10&PKC), and MG (Sox9&Glast). (B) 
The quantification of late born cell type-specific immunoreactivities revealed 
more neuronal cells (RPs&BCs) and less glial cells (MG) in Lin28b&let-7 GOF 
group, compared to controls. Scale bar, 50 !m. Experiments were carried out 













Figure 111. Expression of transcripts correponding to late born cell type 
specific regulators/markers in Lin28a&let-7 GOF approach in vitro. 
Lin28a&let-7 GOF promoted the expression of transcripts corresponding to 
regulators and phenotype-specific markers of RPs (Rhodopsin) and BCs 
(mGluR6), and repressed that of MG (Sox9&Glast), compared to control. Data 
are mean±s.e.m. Experiments were carried out three times in triplicates with 10-
















Figure 112. Expression and quantification of cell type-specific 
immunoreactivities in Lin28a LOF approach in the in vitro model of early 
retinal histogenesis. 
(A) After 5DIV in differentiation condition, differentiated early RPCs were 
identified by the expression of cell type-specific immunoreactivities 
corresponding to RGCs (Brn3b) and MG (Glast). (B) The quantification of cell 
type-specific immunoreactivities revealed less early born neuronal cells (RGCs) 
and more glial cells (MG) in Lin28a LOF group, compared to controls. Scale bar, 
50 !m. Experiments were carried out two times in triplicates with 10-12 E14 















Figure 113. Expression of transcripts correponding to cell type-specific 
regulators/markers in Lin28a LOF approach in the in vitro model of early 
retinal histogenesis. 
(A) In Lin28a LOF group, the expression of Lin28a was significantly reduced, 
compared to controls. (B) Lin28a LOF inhibited the expression of transcripts 
corresponding to the cell type specific markers of RGCs (Atoh7) and CPs (S-
opsin), compared to control. (C) Lin28a LOF promoted the expression of MG 
marker, Cralbp, in the transcript level, compared to control. Data are 
mean±s.e.m. Experiments were carried out two times in triplicates with 10-12 















Chapter 7. Discussion 
 
The development of the CNS involves progression through distinct stages; critical 
amongst them, is the stage when the progenitors transition from generating 
neurons, to differentiating along the glial lineage. Precisely how this transition is 
coordinated, is an active area of research. The most common competence model 
involves cell extrinsic and intrinsic factors (Livesey and Cepko, 2001). In this 
model, progenitors follow the intrinsically determined competence states, during 
which they generate retinal cell types under the regulation of cell extrinsic factors. 
However, isolated RPCs might generate similar clones consisting of cell types in 
a ratio in which they are generated in vivo in a minimal culture conditions, 
suggesting that the cell-extrinsic influence may not play important role in 
progenitor competence. Therefore, another competence model has been 
suggested that the cell fate determination is controlled by intrinsic factors in 
either lineage-based or stochastic manner (Bassett and Wallace, 2012; Bojie et 
al., 2014).   
Although the accuracy of those two conflicting models is still being debated, the 
importance of cell-intrinsic factors in the determination of cell fate specificity is 
widely accepted. These factors could be TF, epigenetic regulators, and non-
coding RNAs, including miRNA and long non-coding (lnc) RNA. Given the 
importance of cell intrinsic factors, mechanisms, which regulate the timing of 
tissue and cell type specific expression of TFs, assume a key role in cell-fate 
determination. These mechanisms are poorly understood. Here, we have 
! #)+!
examined the role of heterochronic miRNA, let-7 and its heterochronic regulator, 
Lin28 in neurogliogenic decision during the late histogenesis in the developing 
retina when neurons (RPs and BCs) and MG are specified with temporal 
specificity.  
Among all miRNAs expressed during CNS development, let-7 family members 
demonstrate the most differential expression patterns. Discovered as a 
heterochronic factor, let-7 regulates the proper timing of development in C. 
elegans and is involved in many developmental programs in mammalian system, 
such as the differentiation of hematopoietic stem cells. All these information 
implies the important role of let-7 in the context of CNS development. However, 
the studies of let-7 in the regulation of NSCs lead to conflicting results. Zhao et 
al. reported that let-7 promoted differentiation of NSCs regardless of neuronal or 
glial lineage (Zhao et al., 2010, 2013). In contrast, Patterson et al. examined 
neural progenitors isolated from either human pluripotent cells or fetal tissues 
and observed that let-7, alone, could regulate the fate of neural progenitors along 
both the neuronal and glial lineages (Patterson et al., 2014). Moreover, they 
observed that let-7 influenced the divergent fate through Hmga2, contrary to the 
notion that a decrease in its expression merely shifts the balance towards cell 
commitment, regardless of progenitors’ fate (Nishino et al., 2013; Rehfeld et al., 
2014).  
To decipher the role of let-7 in the regulation of NSCs, we carried out our studies 
on retina because of its accessibility and limited cellular heterogeneity, during 
late histogeneis when neurogliogenic decision occurs. 
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A. let-7 regulates neurogliogenesis through Hmga2 
 
In our in vitro model of late retinal histogenesis, where RPCs choose between 
neuronal and glial fates, we observed that let-7 may not play an instructive role in 
neurogliogenic decision. When induced to differentiate, late RPCs promptly up-
regulated let-7 and generated late born neurons and glia. However, when let-7 
expression was perturbed, RPCs differentiation along neuronal and glial lineages 
was compromised or enhanced. Similar results were observed when expression 
of let-7d/let-7b was perturbed in mouse neural progenitors (Zhao et al., 2010, 
2013; Ni et al., 2014).  Within the caveat of the in vitro model system, our results 
suggest two propositions: 1) that let-7 acts as a general facilitator of 
differentiation, and 2) let-7s role is more upstream, at the levels of progenitors’ 
commitment. While it is entirely possible that let-7 may influence differentiation by 
targeting regulators of both neurogenesis and gliogenesis, we did not find 
evidence of let-7 preferentially inhibiting neurogenesis in favor of gliogenesis 
(Cimadamore et al., 2013). Together, our results revealed that the onset of let-7 
expression heralds the shift in the balance from the maintenance of RPCs to their 
differentiation (Figure 111).  
The role of let-7 in regulating the maintenance of progenitors in neural and extra-
neural tissues is well known (Büssing et al., 2008; Kawahara et al., 2012). Some 
of the most prominent targets of let-7 are the following stem cell regulators: lin28 
(Moss and Tang, 2003; Nelson et al., 2004), Hmga2 (Nishino et al., 2008, 
Parameswaran et al., 2014), Imp1 (Nishino et al., 2013), and Tlx (Zhao et al., 
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2010). We have recently demonstrated that Hmga2 is the key regulator of self-
renewal of RPCs and that its absence is associated with their progression to a 
committed state (Parameswaran et al., 2014). In our in vitro model of late 
histogenesis, the native or perturbed expression of let-7 was inversely correlated 
with that of Hmga2 and those defining the indices of stem cells, such as cell 
proliferation, expression of cell cycle regulators (CCND1, Ki67), and SP cell 
phenotype. These observations suggested a strong correlation between let-7-
mediated differentiation and the loss of progenitors properties.  The abrogation of 
let-7’s ability to compromise RPCs’ maintenance and induce differentiation in 
proliferation conditions in the presence of stabilized Hmag2, demonstrated the 
involvement of Lin28-let-7-Hmga2 axis in let-7 mediated neurogliogenesis. 
Additionally, the ability of stabilized Hmga2 to neutralize let-7-mediated inhibition 
of Lin28b, CCND1 and Imp1, suggests that Hmga2 may play a role in their 
activation. In summary, during late retinal histogenesis, the temporal increase in 
let-7 expression, initiated with decrease in the levels of Lin28 transcripts, 
progressively shifts the balance toward cell commitment (Figure 114). The 
mechanism involved is the let-7-mediated inhibition of the regulators of 
stemness.  
It is also possible that let-7 may influence differentiation by targeting regulators of 
both neurogenesis and gliogenesis. Recent studies reported that let-7 might play 
a role in neurogliogenesis of human neural progenitor cells differentiation by 
regulating Notch signaling (Patterson et al., 2014; Xie et al., 2014). In our studies, 
we did not find a significant change in the expression of Hes5, one of the 
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members of the Hes family of the effectors of Notch signaling after let-7 
perturbation. These results suggest that, in the context of RPCs regulation, let-7 
may not have a significant effect on the activities of Notch signaling. Additionally, 
let-7 may influence a relatively downstream axis of differentiation directly through 
influencing proneural genes, Ascl1/Ngn2 (Cimadamore et al.,), or indirectly 
though miR that inhibit cell-type specific TFs (Zhao et al., 2013), which is 
currently under investigation in our lab. 
 
B. Lin28a and Lin28b have distinct function in the regulation of RPCs 
 
As we described previously, Lin28 was firstly identified as a heterochronic gene 
in C. elegans (Ambros and Horvitz, 1984). Later, Lin28 was identified as a 
pluripotency promoting factor. The involvement of Lin28 in the cell fate 
commitment of NSCs, like that of let-7, is not well understood. Results for Lin28 
perturbation of function suggest that Lin28a and Lin28b subserve overlapping 
function in the maintenance of RPCs, but the former also function to confer the 
ability on PRCs to differentiate along neuronal lineage (Balzer et al., 2010; Yang 
et al., 2015). 
 
1. Lin28b facilitates the maintenance of RPCs 
We demonstrate, using the in vitro late retinal histogenesis model, that Lin28 
(particularly Lin28b) involvement in the regulation of neurogliogenesis is at the 
levels of the maintenance of RPCs. Lin28b LOF approach demonstrated that 
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further attenuation of lin28b expression did not influence the differentiation of 
RPCs, either along the neuronal or glial lineage. This lack of influence can be 
explained in terms of the temporal expression patterns of lin28b in vivo, which 
progressively decreased with retinal histogenesis, ebbing out during the late 
stage (figure 25). Therefore, further decreased in its levels in RPCs, which have 
taken decision to differentiate, did not affect the direction of differentiation.  
However, accentuation of Lin28b expression in presumably committed RPCs 
shifted them back to cell cycle with reacquisition of progenitor properties, as 
indicated by relatively high proliferation, less differentiation, and expression of 
cell cycle regulators and SP cell phenotype. 
Therefore, the lin28b GOF during late retinal histogenesis have effects similar to 
that of let-7 LOF; differentiation is compromised in favor of the maintenance of 
RPCs. This implicates the involvement of Lin28-let-7-Hmga2 axis, where Hmga2 
promotes RPCs maintenance (Figure 114). 
A putative component of our axis that we did not investigate in depth might 
involve Imp1 in conjunction with Hmga2. For example, it is shown that Lin28b 
positively regulated the components of Igf2-mTOR pathway, such as Igf2, Akt1/3, 
and Imp1 (Yang et al., 2015). Additional, it was observed that Lin28b physically 
and functionally interacted with Imp1 and promoted the expression of the latter. It 
has been also observed that Imp1 increased the expression of Hmga2 by 
enhancing the stability of Hmga2 transcripts (Nishino et al., 2013). Concluding 
these observations along with our results that Lin28b influences Imp1 expression 
(Figure 84), it is conceivable that Lin28b may act independent of let-7 by 
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modulating Hmga2 expression via Igf2-mTOR-Imp1 pathway.  
 
2. Lin28a regulates neurogliogenic decision 
Our study suggests that lin28a sub-serves a function that’s different from that of 
Lin28b. This is reflected in the temporal expression patterns of Lin28a in the 
developing retina. Unlike lin28b transcript levels that peters out by PN1 that of 
Lin28a is maintained albeit at low levels. This suggested that Lin28a might have 
a function other than maintaining RPCs.   
The perturbation of function analysis of Lin28a demonstrated that lin28a 
promotes neurogenesis at the expense of gliogenesis during late retinal 
histogenesis; significantly higher proportions of BCs and less of MG were 
observed, compared to controls when the expression of Lin28a was ectopically 
expressed in RPCs. Similar results were obtained in explant cultures, 
demonstrating that the results were not a function of neurosphere culture assay 
but hold good where normal cell-cell interactions are preserved. These results 
are in line with the recent reports that Lin28a expression was preferentially 
associated with the generation of neurons and incompatible with gliogenesis in 
an in vitro model of neural development (Balzer et al., 2010).  
The ambiguity associated with the attenuation of RP differentiation in Lin28a 
GOF experiments led us to bi-potential model of retinal progenitors during late 
retinal histogenesis, which predicted that the potential of RPCs to differentiate 
along neuronal and glial lineage may be influenced by high and low levels of 
Lin28a expression, respectively. The co-localization of Lin28a immunoreactivities 
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with that of photoreceptors/BC/MG precursors suggested that the neuronal 
precursors have higher Lin28a expression than MG precursors. All their 
precursors require let-7 expression for toward differentiation. When let-7 is 
enhenced in response to culture condition, its levels are adequate in BC 
precursor to promote differentiation but not enough to facilitate differentiation in 
RP precursors. Therefore, when let-7 is ectopic expressed after Lin28a GOF, RP 
precursors differentiation and proportions of both RPs and BCs increase. The 
expression of Lin28a in MG precursors is inhibitory and makes these cells 
refractory to let-7 influence. Our results demonstrated that Lin28a expression is 
essensial to confer bias towards neurogenesis in RPCs throughout retinal 
development. It is quite likely that neuronal competence of early RPCs is dictated 
by Lin28a because Lin28a LOF leads to premature gliogenesis during early 
histogenesis. This project does not shed light on the Lin28a-dependent 
mechanisms of neurogliogenic decision. Lin28a may directly or indirectly 
influence their factors that have been involved in neuronal and glial 
differentiation. They may include: (1) Notch signaling that plays a central role in 
retinal gliogenesis; (2) Ezh2 and Jmjd3, epigenetic regulators of 
neurogliogenesis; (3) miR-124/REST, a miRNA mediated axis involved in 
neurogliogenesis, where REST is know inhibitor of neuronal differentiation, which 
is targeted by proneural miR-124. That such a mechanism might be operational 
is suggested by our preliminary data that, in Lin28a GOF, expression of both 
REST and Ezh2 is compromised 
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Taken together, our results posit the Lin28-let-7-Hmga2 axis a key regulator of 
RPCs and mediator of their differentiation along the neuronal and glial lineages. 


























Figure 114. Proposed role of Lin28b-let-7-Hmga2 aixs in the regulation of 
RPCs. 
In this model, the stemness and commitment of RPCs were regulated by Lin28-
let-7-Hmga2 axis in late retinal histogenesis. In late retinal histogenesis, let-7 
level increased due to the reduction of Lin28b expression. The up-regulation of 
let-7 expression inhibited Lin28b and Hmga2, which led to the loss of stemness 






Figure 115. Proposed model of Lin28a-let-7 axis in the regulation of 
neurogliogenesis. 
The differential expression of Lin28a in neuronal precursors dictated its 
differentiation along RP and BC lineage, while its expression in MG precursors 
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